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m OBJECTIVES 

Develop an understanding of the pn junction. 

Perform basic diode circuit analysis. 

Use the basic diode equation to determine the current through 
a diode. 

Investigate temperature effects on a pn junction. 

Develop a strong understanding of the forward and reverse-bia 

operating modes of a diode. 

Recognize that a pn junction has a small parasitic capacitance. 
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Appendix D, “Semiconductor Theory.” The theory presented there includes 
numerous equations that allow us to compute and assign quantitative values 
to important atomic-level properties of semiconductors. 

2-2 CREATIN G THE /?» JUNCTION 

Silicon (Si), the primary material currently used for manufacturing semi¬ 
conductor devices, is a Group IVB element, which means that it contains 
four valence electrons. (The IVB identifies the location on the periodic 
table.) Germanium (Ge), used in special cases, is also a Group IVB element 
containing four valence electrons. These electrons, located in the outer 
shell, are loosely attached to the nucleus and can be easily altered through 
a process known as doping, which consists of adding impurities to intrinsic 
(pure) silicon to alter its electrical characteristics. These impurities are 
known as dopant atoms. The p or n material is created through doping 
processes such as ion implantation and diffusion. The p-type (positive) 
silicon material is created by doping intrinsic (pure) silicon (Si) with a 
dopant from a Group HIB element such as boron (B). (The in indicates that 
the material contains three valence electrons.) The n-type (negative) sili¬ 
con material is created by doping intrinsic silicon with a dopant from 
a Group VB element such as phosphorous (P). (The V indicates that the 
material contains five valence electrons.) A portion of the periodic table is 
shown in Figure 2-1. 

Silicon, in its intrinsic or pure state, contains an equal concentration of 
protons (positive charges) and electrons (negative charges). (See Appendix D 
for a detailed examination of semiconductor theory.) The doping process 
alters this concentration and creates extrinsic or unpure material. When a 
covalent bond in semiconductor material is ruptured as in the doping 
process, a “hole” is left by the loss of an electron. 

A dopant from Group illli is used to create the p regions. Doping the 
silicon with a Group IIIB element results in material with a greater concen¬ 
tration of holes. The increase in the concentration of holes yields a decrease 
in the electron concentration. The substitution of Group m for Group IV 
material results in material with one less electron in the outer shell. Hence, 
the material will be more positive. This p-type material is called acceptor 
material because of its ability to accept electrons. 

A dopant from Group V is used to create n regions. Doping the silicon 
with a Group VB element results in material with a greater concentration of 
electrons and a decreased concentration of holes. A Group V substitution for 
Group IV results in material with one additional electron in the outer shell. 
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Hence, the material will be more negative. The n-type material is called 
donor material because of its ability to donate electrons. 

A pn silicon bar (a diode) and the schematic symbol for a diode are 
shown in Figure 2-2(a). The doped silicon bar is shown with adjoining 
p doped (p) and n-doped (n) regions. The p region is called the anode of the 
diode, and the n region is called the cathode. In Figure 2-2(b), the positiv 
terminal of a battery is attached to the p region (anode); the negative lead 
of the battery is connected to the n region (cathode). This results in the 
diode being connected in the forward-biased mode and current will flow. 
Recall that the p region is full of holes (positive charges-majonty earn 
ers for the p material); therefore, the holes will be repelled by the positive 
terminal and pushed toward the pn junction. The n region is connected 
to the negative lead; therefore, the electrons (negative charges-majonty 
carriers for the n material) will be repelled by the negative battery termi¬ 
nal and pushed toward the pn junction. If sufficient voltage is applied 
to the diode, the electrons and holes will jump across the junction 

opposite directions. _ , 

In Figure 2-2(c), the pn junction is connected in the reverse-biased mode. 

In this case, the positive lead of the battery is connected to the n region 
while the negative lead of the battery is connected to the p region. This pulls 
the majority carriers in the p (holes) and n (electrons) regions away from the 

FIGURE 2-2 (a) The 

schematic symbol for a 
diode and the pn junction, 

(b) forward-biased pn 
junction, and (c) reverse- 
biased pn junction • 
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junction leaving only the minority carriers at the junction, and essentially no 
current will flow. Recall that intrinsic silicon has equal concentrations of 
electrons and holes. When a region of the silicon is doped, this alters the 
n and p concentrations. The p region will have a heavy concentration of holes 
and a light concentration of electrons, while the n region will have a heavy 
concentration of electrons and a light concentration of holes. 


2-3 BASIC DIODE OPERATION 


A discrete diode is a single pn junction that has been fitted with an appro¬ 
priate case (enclosure) and to which externally accessible leads have been 
attached. The leads allow us to make electrical connections to the anode (p) 
and cathode («) sections of the diode. Semiconductor diodes are also formed 
inside integrated circuits as part(s) of larger, more complex networks and 
may or may not have leads that are accessible outside the package. (Inte¬ 
grated circuits have a large number of semiconductor components embedded 
and interconnected in a single wafer.) 

In this section, we will investigate current and voltage relationships in 
circuits that contain diodes. We will learn how to analyze a circuit containing 
a diode as well as the behavior of the diode as a circuit element in consider¬ 
able detail. A thorough analysis of this, the most fundamental building block 
in semiconductor electronics, is motivated by the following important facts: 

1. The diode is an extremely useful device in its own right. It finds wide 
application in practical electronic circuits. 

2. Many electronic devices that we will study later, such as transistors, con¬ 
tain pn junctions that behave like diodes. A solid understanding of diodes 
will help us understand and analyze these more complex devices. 

3. A number of standard techniques used in the analysis of electronic circuits 
of all kinds will be introduced in the context of diode circuit analysis. 

For a silicon diode, depending on small manufacturing variations and on 
the actual current flowing in it, the voltage drop is around 0.6 to 0.7 V. In prac¬ 
tice, it is usually assumed to be 0.7 V. For germanium diodes, the drop is 
assumed to be 0.3 V. Therefore, for analysis purposes, we can replace the 
diode in a circuit by either a 0.7-V or a 0.3-V voltage source whenever the 
diode has a significant forward-biased current. Of course, the diode does not 
store energy and cannot produce current like a true voltage source, but the 
voltages and currents in the rest of a circuit containing the forward-biased 
diode are exactly the same as they would be if the diode were replaced by a 
voltage source. (The substitution theorem in network theory justifies this 
result.) Figure 2-3 illustrates these ideas. 

In Figure 2-3(a), we assume that a forward-biased silicon diode has 
sufficient current to bias it and that it therefore has a voltage drop of 0.7 V. 
Using Ohm’s law and Kirchhoff’s voltage law, we can obtain 
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Figure 2-3(b) shows the equivalent circuit with the diode replaced by a 
0.7-V source. 

Our assumption that the voltage drop across the forward-biased diode is 
constant is usually accompanied by the additional assumption that the cur¬ 
rent through the diode is zero for all lesser voltages. 

The idealized characteristic of the diode implies that it is an open circuit 
(infinite resistance, zero current) for all voltages less than 0.3 V or 0.7 V and 
becomes a short circuit (zero resistance) when one of those voltage values 
is reached. These approximations are quite valid in most real situations. 
Examples 2-1 to 2-3 examine basic diode circuit analysis. 


Assume that a silicon diode is used in the circuit shown in Figure 2-4. Answer 
the following questions: 

1. Is the diode forward or reverse biased? 

2. What is the voltage drop across diode D t ? 

3. Calculate the value of the current I in the circuit. 

Solution 

1. The anode of the diode is connected to the positive voltage terminal of 
the battery through the resistor R t . The cathode of the diode is directly 
connected to the negative terminal of the battery. Therefore, the diode is 
forward biased. 

2. The voltage drop across a forward-biased silicon (Si) diode is assumed to 
be 0.7 V. 

3. Write the KVL for the circuit and solve for /. 

12-(lk)/-0.7 = 0 
/= 11.3/lk = 11.3 mA 


Assume that a silicon diode is used in the circuit shown in Figure 2-5. Answer 
the following questions: 

1. Is the diode forward or reverse biased? 

2. What is the voltage drop across diode Dj? 

3. Determine the value of the current / in the circuit. 

4. How would the circuit analysis change if Di was changed to a germanium 
(Ge) diode? 



FI CURE 2-4 The circuit for Example 2-1 


1 i (; URE 2-5 The circuit for Example 2-2 
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1. The anode of the diode is directly connected to the negative voltage 
terminal of the battery. The cathode of the diode is connected to the pos¬ 
itive terminal of the battery through resistor R 2 . Therefore, the diode is 
reverse biased. 

2. In the reverse bias mode, the diode can be approximated as an open cir¬ 
cuit. This means that no current is flowing in the circuit and the voltage 
drop across R t is zero. The voltage across the diode is therefore 9.0 V. 

3. Based on the answer to part 2, the current I is zero. 

4. A forward-biased Ge diode has a voltage drop of 0.3 V but diode Dj is 
reverse biased. The diode is still open and the value of the current /is zero. 


EXAMPLE 2-3 


In this example, diodes D 2 and D 2 are connected in series, as shown 
in Figure 2-6. Assume that Di and D 2 are silicon (Si) diodes. Answer the 
following questions: 

1. Are the diodes forward or reverse biased? 

2. Determine the value of the current / in the circuit. 

3. What is the value of the voltage measured from point A to point B, V^? 

Solution 

1. The anode of diode D* is connected to the positive terminal of the bat¬ 
tery through resistor R v The cathode of diode Dj is connected to the cath¬ 
ode of diode D 2 while the anode of D 2 is directly connected to the 
negative terminal of the battery. For a diode to be forward biased, the 
anode lead of the diode must be more positive than the cathode lead. It 
can be seen that D 2 could never be forward biased since its anode lead is 
connected to the most negative point in the circuit. Therefore, diodes Di 
and D 2 are reverse biased (no current will flow). 

2. In the reverse-bias mode, the diode is approximated by an open circuit. 
This means that no current is flowing in the circuit. 

3. Because no current is flowing in the circuit, the voltage drop across R 1 will 
be zero. This means that the voltage at points A and B equals the voltage 
across the battery terminals. Therefore, the measured voltage V^ is 6.0 V. 


2-4 THE DIODE CURRENT EQUATION 

A common application of a pn junction is in the construction of a diode . The 
relationship between the voltage across a pn junction and the current 
through it is given by the so-called diode equation: 

r D = I s (e v "'^ - 1) (2-2) 
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2-7 Current versus 
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where I D = diode current, A 

V D = diode voltage, V (positive, for forward bias) 

I s = saturation current, A 

T] - emission coefficient (a function of Vi, whose value depends also 
on the material; 1 < r\ < 2) 

kT [l- 38 X 10 23 ][273 + T\°C)] _ T 
V r = thermal voltage = — = i.ffxTo" - * 1 ' 11,600 

where k (Boltzmann constant) = 1.38 X 10 23 J/°K 

• T (Kelvin) = 273 + T(°C); C (degrees centigrade) 
q (charge of an electron) = 1.6 10 1() C; C (coulombs) 

Equation 2-2 reveals some important facts about the nature of a forward- 
biased junction. The value of V T at room temperature is about 0.026 V. The 
value of rj for silicon is usually assumed to be 1 for V D s 0.5 V and to 
approach 2 as V D approaches 0. So when V D is greater than 2V r , or about 
0.05 V, the term (e Vo,7]Vr ) begins to increase quite rapidly with increasing V n . 
For V D > 0.2, the exponential is much greater than 1. Consequently, equa¬ 
tion 2-2 shows that the current I D in a silicon pn junction increases 
dramatically once the forward-biasing voltage exceeds 200 mV or so. The 
saturation current I s , in equation 2-2 is typically a very small quantity (we 
will have more to say about it when we discuss reverse biasing), but the 
fact that J s is multiplied by the exponential (e v ° ,v,Vr ) means that l D itself can 
become very large very quickly. For V D > 0.2 V, l D ~l s e v '^ and 

V D ~ V T In —. Figure 2-7 shows a plot of I versus V for a typical forward-biased 

silicon junction. Note the rapid increase in the current Ip that is revealed by 
the plot and the accompanying table of values. For this figure we assumed 
that I 5 = 0.1 pA (= 10" 13 A). Examples 2-4 and 2-5 examine more advanced 
diode circuit analysis. 

Example 2-4 provides an example of using the diode equation (equa¬ 
tion 2-2) to calculate tKe current through the diode when the exact 
value of the voltage drop across the diode is not known. This requires the 
use of an iterative process where the voltage across the diode must be 
guessed initially. 


EXAMPLE 2-4 


The silicon diode in the circuit shown in Figure 2—8 has a saturation current 
I s = 3 X 10 14 A. Determine the current through and the voltage across the 
diode Di. The temperature is 55°C. Assume r\ = 1. 
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Solution 

Diode D| is forward biased; therefore, assume that V D 0.7 V. 

The current / flowing through D t will be 

I = (2 - 0.7)/3 k = 0.433 mA 

Step With this estimated current value of 0.433 mA, which is based 
on a guess of the voltage drop across D ls we can calculate a more 
accurate diode voltage drop using the form 

= Vrlnj- 

*S 

T 273 + 55 

where V 7 = - __ = . . ___ = 28.3 mV 

7 11,600 11,600 

V p = V T ln(I D !I S ) = (28.3 mV)ln(0.433 mA/3 X 10 14 A) = 0.662 V 

Through an iterative process, a new current value for I can be 
calculated using the voltage value calculated in step 2. 

I = (2 - 0.662)/3 k = 0.446 mA 

Calculate a new value for V n . 

Vp (28.3 mV)ln(0.466 mA/3 X 10 14 A) = 0.662 V 

This equals the value calculated in step 2, which means that the iterative 
process is complete and that the voltage converged to a solution very 
quickly. 

Example 2-5 demonstrates a technique for calculating the actual voltage 
drop across a set of parallel diodes when each diode has a different value for L. 


Diodes Dj and D 2 in Figure 2-9 have saturation currents I sl = 2 X 10 14 A and 
l s2 5 x 10 14 A. Assuming room temperature, determine the current through 
and the voltage across each diode. 

Solution 

Because the diodes are connected in parallel, their voltages will be the same. 
Let us assume a diode voltage drop of 0.6 V since, by inspection, the current 
could be small. The current I will be / = (3 — 0.6)/l k = 2.4 mA = I m + I D2 . In 


D > V v c 



The circuit for Example 2-4 FIGURE 2-9 The circuit for Example 2-5 
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order to determine the current flowing through each device, equate their 
voltage, F r ln(J m /J sl ) = V T ln(I D 2 /I s2 ), and obtain I D1 = hdUhi)- But I m = 
2.4 mA - I D2 ; substituting J D1 we can write 

2.4 mA - l D2 — hi (2/5) 

or 

I D2 = (2.4 mA)/1.4 = 1.714 mA 

and 

I D1 = 2.4 - 1.714 = 0.686 mA 

With either of these two currents we can calculate a more approximated 
value for the voltage drop. Using I D2 , we obtain V D = 0.026 ln( 1.714 mA/5 / 
10" 14 A) = 0.631 V.The reader can verify that using I ni yields the same result. 
With this new value for V D , the current / can be recalculated as / = (3 
0.631)/1 k = 2.369 mA. Iterating I D2 as well, we obtain l D2 = 2.369 1.692 

= 0.677 mA. If we do one more iteration, Vp will turn out to be 0.630 V and 
/ = 2.370 mA. Even if we had started with Vp = 0.7 V, we would have seen that 
the diode voltage converges with one or at most two iterations. 


Suppose now that the connections between the pn junction and the external 
voltage source are reversed, so that the positive terminal of the source is con¬ 
nected to the n side of the junction and the negative terminal is connected 
to the p side. This connection reverse biases the junction and is illustrated in 
Figure 2-10. 

The polarity of the bias voltage in this case reinforces, or strengthens, the 
internal barrier field at the junction. Consequently, diffusion current is inhib¬ 
ited to an even greater extent than it was with no bias applied. The increased 
field intensity must be supported by an increase in the number of ionized 
donor and acceptor atoms, so the depletion region widens under reverse bias. 

The unbiased pn junction has a component of drift current (see Appen¬ 
dix D) consisting of minority carriers that cross the junction from the p to the 
n side. This reverse current is the direct result of the electric field across the 
depletion region. Because a reverse-biasing voltage increases the magnitude 
of that field, we can expect the reverse current to increase correspondingly. 
This is indeed the case. However, because the current is due to the flow of 
minority carriers only, its magnitude is very much smaller than the current 
that flows under forward bias (the forward current). 

It is this distinction between the ways a pn junction reacts to bias 
voltage—very little current flow when it is reverse biased and substantial 

FIGURE 2-10 A voltage 
source V connected to a 
reverse-bias pn junction. 

The depletion region 
(Shown shaded) is widened 
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(b) Forward- (c) Reverse- 

biased diode biased diode 


current flow when it is forward biased—that makes it a very useful device in 
many circuit applications. Figure 2-ll(a) shows the diode connected to an 
external source for forward biasing, and 2-ll(b) shows reverse biasing. Diode 
circuits will be studied in detail in Chapter 3. 

Returning to our discussion of the reverse-biased junction, we should 
mention that it is conventional to regard reverse voltage and reverse 
current as negative quantities. When this .convention is observed, equa¬ 
tion 2-3 can be used to compute reverse current due to a reverse-biasing 
voltage: 

I D = I s (e Vl > h]V r- 1) (2-3> 

To illustrate, suppose r\V T — 0.05, I s = 0.01 pA, and the reverse-biasing volt¬ 
age is V D 0.1V. Then 

Id - 10 14 (e 01/005 - 1) = -0.8647 X 10 14 A 

From the standpoint of plotting the I-versus-F relationship in a pn junction, 
the sign convention makes further good sense. If forward current is treated 
as positive (upward), then reverse current should appear below the horizon¬ 
tal axis, i.e., downward, or negative. Similarly, forward voltage is plotted to 
the right of 0 and reverse voltage is plotted to the left of 0 , i.e., in a negative 
direction. Figure 2-12 shows a plot of I D versus V D in which this convention is 
observed. Note that the current scale is exaggerated in the negative direc¬ 
tion, because the magnitude of the reverse current is so very much smaller 
than that of the forward current. 

When V D is a few tenths of a volt negative in equation 2-3, the magnitude 
of the term e Vr,lr]Vl is negligible compared to 1. For example, if V D = —0.5, then 
4 5 x 10 5 . Of course, as V D is made even more negative, the value of 
e v ° ,r{Vr becomes even smaller. As a consequence, when the junction is reverse 
biased beyond a few tenths of a volt, 

FIGURE 2-12 

Current-voltage relations in a 
pn junction under forward and 
reverse bias. The negative 
current scale in the reverse- 
biased region is exaggerated. 
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Id ~ I s (0 — 1) = ~l s 

Equation 2-4 shows that the magnitude of the reverse current in the junction 
under these conditions is essentially equal to I s , the saturation current. This 
result accounts for the name saturation current: The reverse current pre¬ 
dicted by the equation never exceeds the magnitude of I s . 

Equation 2-3 is called the ideal diode equation. In real diodes, the 
reverse current can, in fact, exceed the magnitude of I s . One reason for this 
deviation from theory is the existence of leakage current , current that flows 
along the surface of the diode and that obeys an Ohm’s law relationship not 
accounted for in equation 2-3. In a typical silicon diode haying /, =* 10 14 A, 
the leakage current may be as great as 10 * A, or 100,000 times the theoret¬ 
ical saturation value. 

Breakdown 

The reverse current also deviates from that predicted by the ideal diode equa 
tion if the reverse-biasing voltage is allowed to approach a certain value called 
the reverse breakdown voltage, V BR . When the reverse voltage approaches this 
value, a substantial reverse current flows. Furthermore, a very small increase 
in the reverse-bias voltage in the vicinity of V BR results in a very large increase 
in reverse current. In other words, the diode no longer exhibits its normal char¬ 
acteristic of maintaining a very small, essentially constant reverse current 
with increasing reverse voltage. Figure 2—13 shows how the current—voltage 
plot is modified to reflect breakdown. Note that the reverse current follows an 
essentially vertical line as the reverse voltage approaches V BR . This part of the 
plot conveys the fact that large increases in reverse current result from very 
small increases in reverse voltage in the vicinity of V BR . 

In ordinary diodes, the breakdown phenomenon occurs because the high 
electric field in the depletion region imparts high kinetic energy (large 
velocities) to the carriers crossing the region, and when these carriers collide 
with other atoms they rupture covalent bonds. The large number of carriers 
that are freed in this way accounts for the increase in reverse current through 
the junction. The process is called avalanching. The magnitude of the reverse 
current that flows when V approaches V BR can be predicted from the follow¬ 
ing experimentally determined relation: 


r 5 

' TTp^y 

\VbrJ 

where n is a constant determined by experiment and has a value between 
2 and 6 . 


FIGURE 2-.13 A plot of the 
I-V relation for a diode, 
showing the sudden increase * 
in reverse current near the 
reverse breakdown voltage 










r 




Chapter 2 


Certain special kinds of diodes, called zener diodes, are designed for use 
in the breakdown region. The essentially vertical characteristic in the 
breakdown region means that the voltage across the diode remains constant 
in that region, independent of the (reverse) current that flows through it. 
This property is useful in many applications where the zener diode serves 
as a voltage reference , similar to an ideal voltage source. Zener diodes are 
more heavily doped than ordinary diodes, and they have narrower depletion 
regions and smaller breakdown voltages. The breakdown mechanism in 
zener diodes having breakdown voltages less than about 5 V differs from the 
avalanching process described earlier. In these cases, the very high electric 
field intensity across the narrow depletion region directly forces carriers 
out of their bonds, i.e., strips them loose. Breakdown occurs by avalanching 
in zener diodes having breakdown voltages greater than about 8 V, and it 
occurs by a combination of the two mechanisms when the breakdown volt¬ 
age is between 5 V and 8 V. The characteristics and special properties of 
zener diodes are discussed in detail in Chapter 3. 

Despite the name breakdown , nothing about the phenomenon is 
inherently damaging to a diode. On the other hand, a diode, like any other 
electronic device, is susceptible to damage caused by overheating. Unless 
there is sufficient current-limiting resistance connected in series with a 
diode, the large reverse current that would result if the reverse voltage were 
allowed to approach breakdown could cause excessive heating. Remember 
that the power dissipation of any device is 

P = VI watts 2-6) 

where V is the voltage across the device and / is the current through it. At the 
onset of breakdown, both V (a value near V Bi? ) and I (the reverse current) are 
likely to be large, so the power computed by equation 2-6 may well exceed 
the device’s ability to dissipate heat. The value of the breakdown voltage 
depends on doping and other physical characteristics that are controlled in 
manufacturing. Depending on these factors, ordinary diodes may have break¬ 
down voltages ranging from 10 or 20 V to hundreds of volts. 

Temperature Effects 

The ideal diode equation shows that both forward- and reverse-current mag¬ 
nitudes depend on temperature, through the thermal voltage term V T (see 
equation 2-2). It is also true that the saturation current, I s in equation 2-2, 
depends on temperature. In fact, the value of I s is more sensitive to tem¬ 
perature variations than is V T , so it can have a pronounced effect on the 
temperature dependence of diode current. A commonly used rule of thumb 
is that I s doubles for every 10°C rise in temperature. The following example 
illustrates the effect of a rather wide temperature variation on the current 
in a typical diode. 


EXAMPLE 2-6 


A silicon diode has a saturation current of 0.1 pA at 20°C. Find its current 
when it is forward biased by 0.55 V. Find the current in the same diode when 
the temperature rises to 100°C. 

Solution 

At F= 20X, 

kT 1.38 X 10~ 23 (273 + 20) 

V T = — =-- rjj- - = 0.02527 V 

T q 1.6 X 10‘ 19 
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From equation 2-3, assuming that q — 1, 

1 = l s ( e Wr - 1) = 10' 13 ( e 0 - 55 ' 0 02527 -1) = 0.283 mA 

At T = 100°C, 


1.38 X 10 23 (273 + 100) 
1.6 X 10“ 19 


0.03217 V 


In going from 20X to 100X, the temperature increases in 8 increments of 
10X each: 100 -20 = 80; 80/10 = 8. Therefore, l s doubles 8 times, i.e., 
increases by a factor of 2 8 = 256. So, at 100°C, l s — 256 x 10 A. 

J = 256 X 10 13^0.55/0.03217 _ j) = 0.681 mA 

In this example, we see that the forward current increases by a factor of 2.4 
or 140% over the temperature range from 20X to 100°C. 


Example 2-6 illustrates that forward current in a diode increases with temp 
erature when the forward voltage is held constant. This result is evident when 
the I-V characteristic of a diode is plotted at two different temperatures, as 
shown in Figure 2-14. At voltage V x in the figure, the current can be seen to 
increase from I x to I 2 as the temperature changes from 20°C to 100X. (Follow 
the vertical line drawn upward from V r —the line of constant voltage V { .) Note 
that the effect of increasing temperature is to shift the I-V plot toward the 
left. Note also that when the current is held constant, the voltage decreases 
with increasing temperature. At the constant current I 2 in the figure, the 
voltage can be seen to decrease from V 2 to V, as temperature increases from 
20 X to 100X. (Follow the horizontal line drawn through I 2 —the line of con¬ 
stant current J 2 .) As a rule of thumb, the forward voltage decreases 2.5 mV for 
each IX rise in temperature when the current is held constant. 

Of course, temperature also affects the value of reverse current in a 
diode, because the ideal diode equation (and its temperature-sensitive fac¬ 
tors) applies to the reverse- as well as forward-biased condition. In many 
practical applications, the increase in reverse current due to increasing tem¬ 
perature is a more severe limitation on the usefulness of a diode than is the 
increase in forward current. This is particularly the case for germanium 
diodes, which have values of I s that are typically much larger than those of 
silicon. In a germanium diode, the value of I s may be as great as or greater 
than the reverse leakage current across the surface. Because I s doubles for 
every 10X rise in temperature, the total reverse current through a germa¬ 
nium junction can become quite large with a relatively small increase in 
temperature. For this reason, germanium devices are not so widely used as 
their silicon counterparts. Also, germanium devices can withstand temper¬ 
atures up to only about 100X, while silicon devices can be used up to 200X. 

FIGURE 2-14 Increasing 
temperature causes the 
forward I-V characteristic to 
shift left 
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EXAMPLE 2-7 


Use SPICE to obtain a plot of the diode current versus diode voltage for a 
forward-biasing voltage that ranges from 0.0 V to 0.7 V in 5-mV steps.The diode 
has a saturation current (IS) of 0.01 pA and an emission coefficient (N) of 1.0. 

Solution 

Figure 2-15(a) shows a diode circuit that can be used by SPICE to perform a 
.DC analysis of the circuit and the text listing the contents of the .CIR file 
used to describe the circuit. Although the .MODEL statement specifies the 
saturation current (IS) and emission coefficient (N), the values used are the 
same as the default values, so these values could have been omitted. Figure 
2-15(b) shows the resulting plot. Note that the current varies from 0 mA to 
over 5.6 mA. Also note the dramatic increase in the diode current once the 
diode voltage drop exceeds 0.6 V. 


(a) The circuit 
for the PSpice simulation used 
in Example 2-7, (b) SPICE 
simulation 


* Forward. Biased Diode Current 
**************************************** 

* DEFINE THE CIRCUIT ELEMENTS AND NODES 
******* ********************************* 

VI 1 0 DC 6.0V 
R1 1 2 100 
D1 2 0 DIODE 

* + + *********■*•******************************* 

* DEFINE THE MODEL PARAMETERS FOR THE DIODE 
******************************************** 

.MODEL DIODE D IS = IE-14 N = 1 
*************************************************** 

* PERFORM A DC ANALYSIS ON THE CIRCUIT BY VARYING 

* THE VOLTAGE OF Vl FROM ZERO VOLTS TO 0.7 VOLTS 

* IN . 005 VOLT INCREMENTS 

**+*+*+******************************************** 
.DC VI 0 1.5 .005 
.PROBE 
.END 


Cl) 
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4.0mA 
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2-5 IDENTIFYING FORWARD- AND REVERSE-BIAS 
OPERATING MODES _ 

In an important large-signal application of diodes, the devices are 
switched rapidly back and forth between their high resistance and low- 
resistance states. In these applications, the circuit voltages are pulse-type 
waveforms, or square waves, that alternate between a “low” voltage, often 
0 V, and a “high” voltage, such as +5 V. These essentially instantaneous 
changes in voltage between low and high cause the diode to switch be 
tween its “off” and “on” states. Figure 2-16 shows the voltage waveform 
that is developed across a resistor in series with a silicon diode when a 
square wave that alternates between 0 V and 4-5 V is applied to the com¬ 
bination. When e(t) = 4-5 V, the diode is forward biased, or ON, so current 
flows through the resistor* and a voltage equal to 5 0.7 = 4.3 V is 

developed across it. When e(t) ~ 0 V, the diode is in its high-resistance 
state, or OFF, and, because no current flows, the resistor voltage is zero. 
This operation is very much like rectifier action. However, we study digital 
logic circuits in just the extreme cases where the voltage is either low or 
high. In other words, we assume that every voltage in the circuit is at one 
of those two levels. Because the diode in effect performs the function of 
switching a high level into or out of a circuit, these applications are often 
called switching circuits. 

Diode switching circuits typically contain two or more diodes, each of 
which is connected to an independent voltage source. Understanding the 
operation of a diode switching circuit depends first on determining which 
diodes, if any, are forward biased and which, if any, are reverse biased. The 
key to this determination is remembering that a diode is forward biased 
only if its anode is positive with respect to its cathode. The important words 
here (the ones that usually give students the most trouble) are “with 
respect to.” Stated another way, the anode voltage (with respect to ground) 
must be more positive than the cathode voltage (with respect to ground) 
in order for a diode to be forward biased. This is, of course, the same as 
saying that the cathode voltage must be more negative than the anode volt¬ 
age. Conversely, in order for a diode to be reverse biased, the anode must 
be negative with respect to the cathode, or, equivalently, the cathode posit¬ 
ive with respect to the anode. The following example should help clarify 
these ideas. 


eft) 


+ 5 V 
0V 


n 



eft) 



FIGURE 2-16 The diode is forward biased when the square-wave 
voltage is 4-5 V. Note that the (silicon) diode voltage is 0.7 V when it 
conducts. 
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Forward and reverse- 
biased diode configurations 


The circuit of Figure 2-17(c) is 
redrawn in an equivalent form that shows all 
ground connections 


EXAMPLE 2-8 


Determine which diodes are forward biased and which are reverse biased in 
each of the configurations shown in Figure 2-17. The schematic diagrams in 
each part of Figure 2-17 are drawn using the standard convention of omitting 
the connection line between one side of a voltage source and ground. In this 
convention, it is understood that the opposite side of each voltage source 
shown in the figure is connected to ground. If the reader is not comfortable 
with this convention, then he or she should begin the process now of becom¬ 
ing accustomed to it, for it is widely used in electronics. As an aid in under¬ 
standing the explanations given below, redraw each circuit with all ground 
connections included. For example, Figure 2—18 shows the circuit that is 
equivalent to Figure 2-17(c). 

Solution 

1. In (a) the anode is grounded and is therefore at 0 V. The cathode side is 
positive by virtue of the +5-V source connected to it through resistor R. 
The cathode is therefore positive with respect to the anode; i.e., the 
anode is more negative than the cathode, so the diode is reverse biased. 

2. In (b) the anode side is more positive than the cathode side (+10 V > + 5 V), 
so the diode is forward biased. Current flows from the 10-V source, through 
the diode, and into the 5-V source. 

3. In (c) the anode side is more negative than the cathode side, so the diode 
is reverse biased. Note that (essentially) no current flows in the circuit, 
so there is no drop across resistor R. Therefore, the total reverse-biasing 
voltage across the diode is 15 V. (See also Figure 2-18, and note that the 
sources are series-adding.) 

4. In (d) the cathode side is more negative than the anode side (-12 V < -5 
V), so the diode is forward biased. Current flows from the —5-V source, 
through the diode, and into the -12-V source. 

5. In (e) the anode is grounded and is therefore at 0 V.The cathode side is more 
negative than the anode side (-10V < 0V), so the diode is forward biased. 
Current flows from ground, through the diode, and into the — 10-V source. 


Figure 2-19 shows a diode switching circuit. It consists of three diodes whose 
anodes are connected together and whose cathodes may be connected to 
independent voltage sources. The voltage levels connected to the cathodes 
are called inputs to the circuit, labeled A, B, and C, and the voltage developed 
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. - Atypical 
diode switching circuit like 
those used in digital logic 
applications. The equivalent 

A 
B 
C 


(a) (b) 

at the point where the anodes are joined is called the output of the circuit. 
All voltages are referenced to the circuit’s common ground. The voltage 
source Vis a fixed positive voltage called the supply voltage. The figure shows 
the conventional way of drawing this kind of circuit (a), and the complete 
equivalent circuit (b). 

Let us assume that the inputs A, B, and C in Figure 2-19 can be either +5 V 
(high) or 0 V (low). Suppose further that the supply voltage is V - +10 V. If A, 
B , and C are all +5 V, then all three diodes are forward biased (+10 > +5) and 
are therefore conducting. Current flows from the 10-V source, through the 
resistor, and then divides through the three diodes. See Figure 2-20. 

Typically, the dc resistance of the diode is not known and an approximate 
solution can be obtained by assuming a 0.7-V drop across each (silicon) diode. 
Under this assumption, the equivalent circuit appears as shown in Figure 2-21. 
Using this equivalent circuit, we can clearly see that V a = 5 V + 0.7 V = 5.7 V. 

Suppose now that input A = 0 V and B — C = +5 V, as shown in Figure 
2-22(a). It is clear that the diode connected to input A is forward biased. If 
we temporarily regard the “ON” diode as a perfect closed switch, then we see 
that the anode side of all diodes will be connected through this closed switch 
to 0 V. Therefore, the other two diodes have +5 V on their cathodes and 0 V 
on their anodes, causing them to be reverse biased. In reality, the “ON” diode 
is not a perfect switch, so it has some small voltage drop across it and the 


circuit, showing all ground 
paths, is shown in (b) 



+ I0V 
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All diodes 
are forward biased 
when all inputs 
are +5 V 

FIGURE 2-20 The diode circuit of 
Figure 2-19 when all inputs are +5 V 


+ 10V 



FIGURE 2 The circuit that 
is equivalent to Figure 2-20(a) 
when the diodes are assumed to 
have a fixed 0.7-V drop 
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(a) Diode A is forward 
biased 


(b) Diodes B and C are 
reverse biased and 
replaced by equivalent 
open switches. 


(c) The circuit equivalent 
to (a) when the diode is 
assumed to have a 0.7-V 
drop. 


FIG URB 2-22 The circuit of Figure 2-19 when input A is 0 V and inputs B and C 
are +5V 

anodes are near 0 V rather than exactly 0 V. The net effect is the same: One 
diode is forward biased and the other two are reverse biased. 

Figure 222(b) shows the equivalent circuit that results if we treat the 
reverse biased diodes as open switches. Figure 2-22(c) shows the equivalent 
circuit that results when we assume that the diode voltage drop is 0.7 V. In 
this case, we see that V 0 = 0.7 V. 

If input B is at 0 V while A = C = +5 V, then it should be obvious that the 
output voltage V a is exactly the same as in the previous case. Any combina¬ 
tion of inputs that causes one diode to be forward biased and the other two 
to be reverse biased has the same equivalent circuits as shown in Figure 2-22. 

When any two of the inputs are at 0 V and the third is at +5 V, then two 
diodes are forward biased and the third is reverse biased. It is left as an 
exercise to determine the output voltage in this case. 

Finally, if all three inputs are at 0 V, then all three diodes are forward 
biased. The equivalent circuits are shown in Figure 2-23. If we regard the 
drop across each diode as 0.7 V, then V 0 = 0.7 V, as shown in Figure 2-23(b). 
The diode circuit we have just analyzed is called a diode AND gate because 
the output is high if and only if inputs A and B and C are all high. 

We have seen that the first step in this kind of analysis is to determine 
which diodes are forward biased and which are reverse biased. This determin¬ 
ation is best accomplished by temporarily regarding each diode as a perfect, 
voltage-controlled switch. At this point, one might legitimately question how 


The circuit 

of Figure 2-19 when all inputs 
are 0 V 
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we determined that the forward-biased diode shown in Figure 2-22 is the only 
one that is forward biased. After all, the other two diodes appear to have their 
anode sides more positive (10 V) than their cathode sides (5 V) and seem 
therefore to meet the criterion for forward bias. However, if D, is forward 
biased, its anode voltage will be +0.7 V forcing the other two diodes to be 
reverse biased, because their cathodes are more positive than their anodes. 

A rule that is useful for determining which diode is truly forward biased 
is to determine which one has the greatest forward-biasing potential meas¬ 
ured from the supply voltage to its input voltage. For example, in Figure 2-22, 
the net voltage between the supply and input A is 10 V 0 V 10 V, while 
the net voltage between the supply and inputs B and C is +10 V - 5 V = 5 V. 
Therefore, the first diode is forward biased and the other two diodes are 
reverse biased. 



Determine which diodes are forward biased and which are reverse biased in 
the circuits shown in Figure 2—24. Assuming a 0.7-V drop across each forward 
biased diode, determine the output voltage. 

Solution 

1. In (a) diodes D x and D 3 have a net forward biasing voltage between 

supply and input of5V-5V = 0V. Diodes D 2 and D 4 have a net forward¬ 
biasing voltage of 5 V - (-5 V) = 10 V.Therefore, D 2 and D 4 are forward 
biased and Dj and D 3 are reverse biased. Figure 2-25 shows the equiva¬ 
lent circuit path between input and output. Writing Kirchhoff’s voltage 
law around the loop, we determine V 0 = 5 V + 0.7 V = 4.3 V. 

2. In (b) the net forward-biasing voltage between supply and input for each 
diode is 

Dj: + 15V- (+5V) = +10V 
D 2 : +15 V — 0 V = +15 V 
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The circuit 

equivalent to Figure 2-24(c) 



5 V 0.7 V 

^ 


V, * 5 V 0 7 V = 4 7 V 


Dv +15 V (-10V) = +25 V 

Therefore, D 3 is forward biased and D x and D 2 are reverse biased. 

V a 10 V + 0.7V = -9.3 V 

3. In (c) the net forward-biasing voltage between supply and input for each 
diode is 

D t : -10V ( -5V) = —5V 
D 2 : 10V (+5V) = -15V 

Notice that the diode positions are reversed with respect to those in (a) and (b), 
in the sense that the cathodes are joined together and connected through 
resistor R to a negative supply. Thus, the diode for which there is the greatest 
negative voltage between supply and input is the forward-biased diode. In this 
case, that diode is D 2 . D x is reverse biased, by virtue of the fact that its cathode 
is near +5 V and its anode is at -5 V. Figure 2-26 shows the equivalent circuit 
path between input and output. Writing Kirchhoff’s voltage law around the 
loop, we see that = 5 V - 0.7 V = 4.3 V. 


2-6 pn JUNCTION CAPACITANCE_ 

In a pn junction, a small parasitic capacitance exists due to the charges 
associated with the ionized donor and acceptor atoms. This capacitance exists 
both in the reverse- and forward-bias modes. The capacitance is extremely 
important when studying pn junctions because it affects frequency behavior. 
For many high-frequency circuits, parasitics will limit the overall perform¬ 
ance. The parasitic capacitance can also have beneficial behavior. For a 
reverse biased diode, the width of the depletion region increases as the 
reverse-biasing voltage increases. Thus, increasing the reverse-bias voltage on 
a diode causes the distance (d) to increase in the capacitive plates. Recall that 
a capacitor is constructed by two plates separated by a dielectric. In this case, 
the plates are formed by the p and n regions, and the dielectric is provided by 
the depletion region. The capacitance equation is • 

C = E 7 ( 2 - 7 ) 

a 

where e is the permittivity of the dielectric, A is the cross-sectional surface 
area of the conducting region, and d is the distance separating the regions 
(the thickness, or width, of the dielectric). Thus, increasing the reverse bias 
on a diode causes d to increase and the capacitance C = eAJd to decrease. This 
behavior is the fundamental principle governing the operation of a varactor 
diode. The capacitance value obtained from a varactor diode is small, on the 
order of 100 pF or less and is used in practice only to alter the ac impedance 
it presents to a high-frequency signal. For example, it can be used in tuned 
LC networks (also called “tank” circuits). The equation for calculating the 
junction capacitance (C,) is 
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where C jo = zero-bias capacitance 

V R = pn junction re verse-voltage bias (magnitude) 
\|/„ = zero-bias voltage potential 


Given that the zero-bias capacitance of a pn junction is 2 pF and the zero bias 
voltage potential is 0.55 V, calculate the capacitance of the pn junction if the 
reverse-bias voltage bias is 9.0 V. 

Solution 


Cjo “ 2 pF 
V R = 9.0 V 
iho - 0.55 V 



An important characteristic of a varactor diode is the ratio of its largest to 
its smallest capacitance when the voltage across it is adjusted through a 
specified range. Sometimes called the capacitance tuning ratio , this value is 
governed by the doping profile of the semiconductor material used to form 
the p and n regions, that is, the doping density in the vicinity of the junction. 
In diodes having an abrupt junction, the p and n sides are uniformly doped, 
and there is an abrupt transition from p to n at the junction. Abrupt-junction 
varactors exhibit capacitance ratios from about 2:1 to 3:1. In the hyperabrupt 
(extremely abrupt) junction, the doping level is increased as the junction is 
approached from either side, so the p material becomes more heavily p near 
the junction, and the n material becomes more heavily n. The hyperabrupt 
junction is very sensitive to changes in reverse voltage, and this type of var¬ 
actor may have a capacitance ratio up to 20:1. Figure 2-27 shows typical plots 
of abrupt and hyperabrupt varactor capacitance versus reverse voltage. The 
figure also shows the schematic symbol for a varactor diode. 


2-7 CIRCUIT ANALYSIS WITH ELECTRONICS 
W ORKBENCH MULTISIM __ 

This text present simulatipn examples of circuit analysis of fundamental 
electronic circuits using Electronics Workbench Multisim (EWB). Examples 
of key analog circuit concepts are presented in each chapter. EWB provides 
a unique opportunity for the student to examine electronic circuits and ana 
log concepts in a way that reflects techniques used on both the bench and on 
the computer. The use of EWB provides the student with additional hands- 
on insight into many of the fundamental analog circuits, concepts, and test 
equipment while improving the student’s ability to perform logical thinking 
when troubleshooting circuits and systems. The test equipment tools in EWB 
reflect the type of tools that are common on well-equipped test benches, and 
the analysis tools reflect the type of analytical tools available. 
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Capacitance 

versus reverse voltage for 
abrupt and hyperabrupt 
varactor diodes 
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Chapter 2 introduced the basic concept of the pn junction (a diode). The 
student learned that the voltage drop across a forward-biased ideal diode is 
0.7 V. The following exercise demonstrates how a computer simulation pack¬ 
age such as EWB can be used to test and analyze a basic diode circuit. The 
objectives of this exercise are as follows: 

Show the student how to construct and simulate a simple diode circuit. 

Use EWB to show that the forward voltage drop across an ideal diode 

is 0.7 V. 

Use EWB to measure the current flowing in the circuit. 

Open the circuit, Ch2JEWB.msm that is found in the Electronics Work¬ 
bench 2001 CD-ROM packaged with the text. This is a simple circuit (shown 
in Figure 2-28) containing a +12 V voltage source, a 1-kO resistor and an 
ideal diode. Two multimeters are being used in this circuit: One is being 
used to measure the diode voltage drop, and the other is used to measure 
the current in the circuit. The voltage measurement requires that the mul¬ 
timeter be set to DC and V selected. The current meter is set to measure 
DC current (A). Notice that the current meter is in series with the diode 
and the power supply. 

Each multimeter has a settings button. This is shown in Figure 2-29. The 
user of the multimeter has the capability to adjust the settings for ammeter 
resistance, volmeter resistance, and ohmmeter current. Remember, real test 
gear has some resistance or requires some current to make a measurement. 
These settings simulate “real-world” conditions. 
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FftiURE 2-23 The simple 
diode circuit for the EWB 
exercise 



FIGURE 2-29 The setting 
options for the EWB 
multimeters 



A key to success with computer simulation of electronic circuits is to have 

a reasonable ballpark estimate of what the expected voltages and currents 

should be. The expected voltage drop should he about 0.7 V and the current 

should be about (12 - 0.7)/lk = 11.3 mA. The computer simulation is started 

by clicking on the simulation start button The multimeters will immediately 
uy luuuub _._ 771 774 mV. The current 


SUMMARY___ — 

This chapter has presented the basics of the pn junction. Students should 
have mastered the following concepts and skills: 

Identifying forward and reverse biased diodes. 

. Understanding that current flows in a forward-bias diode and essentially no 


current flows in a reverse-bias diode. 








Chapter 2 


Knowing that the voltage drop across an ideal forward-biased diode is 
approximately 0.7 V. 

Analyzing a basic diode circuit to determine currents and voltages. 


EXERCISES 

SECTION 2-3 

Basic Diode Operation 

Assume that the voltage drop across a 
forward-biased silicon diode is 0.7 V and 
that across a forward biased germanium 
diode is 0.3 V. 

(a) If and D 2 are both silicon diodes 
in Figure 2-30, find the current / in 
the circuit. 

(b) Repeat if D 1 is silicon and D? is 
germanium. 

Repeat Exercise 2-1 when the constant 
source voltage is changed to 9 V. 

In the circuit shown in Figure 2-31, the 
diode is germanium: Find the percent 
error caused by neglecting the voltage 
drop across the diode when calculating 
the current / in the circuit. (Assume that 
a forward-biased germanium diode has a 
constant voltage drop of 0.3 V.) 

Repeat Exercise 2-3 when the source 
voltage is changed to 3 V and the resistor 
is changed to 470 H. 

SECTION 2-4 

The Diode Current Equation 

A silicon pn junction has a saturation cur¬ 
rent of 1.8 X 10 14 A. Assuming that x\ = 1, 

i kfl 



(Exercise 2-1) 


1.5 kfl 

-VA- 



31 (Exercise 2-3) 


find the current in the junction when 
the forward-biasing voltage is 0.6 V and 
the temperature is 27°C. 

2-6 Repeat Exercise 2-5 when the forward¬ 
biasing voltage is 0.65 V. 

The forward current in a pn junction is 
1.5 mA at 27°C. If I s = 2.4 x 10 14 A and 
t| - 1 , what is the forward-biasing voltage 
across the junction? 

2- The forward current in a pn junction is 22 
mA when the forward-biasing voltage is 
0.64 V. If the thermal voltage is 26 mV 
and r| = 1, what is the saturation current? 

2 ~? A junction diode has an external voltage 
source of 0.15 V connected across it, with 
the positive terminal of the source con¬ 
nected to the cathode of the diode. The 
saturation current is 0.02 pA, the thermal 
voltage is 26 mV, and tj = 2. 

(a) Find the theoretical (ideal) diode cur¬ 
rent. Repeat for a source voltage of 

(b) 0.3 V, and 

(c) again for a source voltage of 0.5 V. 

2- A junction diode is connected across an 
external voltage source so that the nega¬ 
tive terminal of the source is connected 
to the anode of the diode. If the external 
voltage source is 5 V and the saturation 
current is 0.06 pA, what is the theoretical 
(ideal) diode current? 

2-11. The reverse breakdown voltage of a 
certain diode is 150 V and its saturation 
current is 0.1 pA. Assuming that the 
constant n in equation 2-5 is 2, what is 
the current in the diode when the 
reverse-biasing voltage is 149.95 V? 

2-12. In an experiment designed to investigate 
the breakdown characteristics of a cer¬ 
tain diode, a reverse current of 9.3 nA 
was measured when the reverse voltage 
across the diode was 349.99 V. If the 
breakdown voltage of the diode was 350V 
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2-13. 


2-14. 


2-15. 


2-16. 


and its saturation current was known 
to be 1.0 pA, what value of the con¬ 
stant n in equation 2-5 is appropriate for 
this diode? 

The manufacturer of a certain diode 
rates its maximum power dissipation as 
0.1 W and its reverse breakdown voltage 
as 200 V. What maximum reverse current 
could it sustain at breakdown without 
damage? 

A certain diode has a reverse break¬ 
down voltage of 100 V and a saturation 
current of 0.05 pA. How much power 
does it dissipate when the reverse volt¬ 
age is 99.99 V? Assume that n in equa¬ 
tion 2-5 is 2.5. 

A diode has a saturation current of 45 pA 
at a temperature of 373 K. What is the 
approximate value of I s at T = 273 K? 

When the voltage across a forward-biased 
diode at T = 10°C is 0.621 V, the current 
is 4.3 mA. If the current is held constant, 
what is the voltage when, 

(a) T=40°C? 

(b) Repeat for T = -30°C. 


SECTION 2-5 

Identifying Forward- and Reverse-Bias Operating 
Modes 

: : 7. Determine which of the diodes in Figure 
2-32 are forward biased and which are 
reverse biased, 

18. Determine which of the diodes shown in 
Figure 2-33 are forward biased and which 
are reverse biased. 

1-19. The inputs A and B in Figure 2-34 can be 
either 0 V or +10 V. Each diode is silicon. 
Find V 0 for each of the following cases. 
(Assume ideal silicon diodes.) 

(a) A = 0 V, £ = 0 V 

(b) A = 0V,B = +10V 



-10 v 


-8 V 


<c) <d) 

FIGURE 2-32 (Exercise 2-17) 
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I CURE 2-33 (Exercise 2-18) 
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FI.GI (Exercise 2 19) 



FIGURE 2-35 (Exercise 2-20) 

(c) A = +10 VB = 0 V 

(d) A = + 10 V, B = +10V 

2-20. The inputs A, B, and C in Figure 2-35 can 
be either +10 V or 5 V. Assume ideal 
silicon diodes. Find V 0 when 

(a) A =B = C= 5 V 

( b) A = C= -5V.B = +10V 

. (c) A = B = +10 V, C = -5 V 

(d) A-B^C- +10 V 

2-21. In the circuit of Exercise 2-20. A , B, and C 
can be either 0 V or -5 V. Assuming that 
the forward V D = 0.7 V, find V Q when 

(a) A — B = C = 0 V 

(b) A-B = 0V, C = —5V 

(c) A = C- —5 V, B — 0 V 

(d) A=B=C= -5V 
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In the circuit of Exercise 2-19, A and B 
can be either 0 V or 5 V. Assuming that 
the forward V D - 0.7 V, find V Q when 

(a) A = B - 5 V 

(b) A = 5V,B = 0V 

(c) A = 0 V,£ - 5 V 

(d) A B - OV 

SECTION 2-6 

pn Junction Capacitance 

Given that the zero-bias capacitance of a 
pn junction is 5 pF and the zero-bias volt¬ 
age potential is 0.62 V, calculate the 
capacitance of the pn junction if the 
reverse-bias voltage-bias is 10.0 V. 

Given that a diode, with an abrupt junc¬ 
tion, has the capacitance-versus-reverse- 


SPICE EXERCISES _ 

Note: In the exercises that follow, assume that all 
device parameters have their default values 
unless otherwise specified. 

Use SPICE to simulate the circuit shown 
in Figure 2-4. Obtain a value for the 
current I. 

Use SPICE to simulate the circuit shown 
in Figure 2-5. Obtain a value for the cur¬ 
rent I and the voltage across diode D,. 


voltage curve shown in Figure 2-25, 
determine the capacitance range as the 
reverse-bias voltage is varied from 1.0 V 
to 5.0 V. 

2-25. Given that e = 1.04 X 10 12 F/cm, the 
plate area is 2 cm 2 , and the width of the 
dielectric is 1 p (1 x 10 6 meters), calcu¬ 
late the capacitance. 

2-2; Given that the zero-bias capacitance of a 
pn junction is 7 pF and the zero-bias volt¬ 
age potential is 0.65 V, calculate the 
capacitance of the pn junction if the 
reverse-bias voltage bias is 

(a) 2.5V, 

(b) 5.0 V, 

(c) 8.8 V. 


Use SPICE to simulate the circuit shown 
in Figure 2-6. Obtain a value for the cur¬ 
rent I and the voltage V AB . 

2-3 . Use SPICE to simulate the circuit shown 
in Figure 2-20. Obtain a value for the out¬ 
put voltage V 0 . 
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H OBJECTIVES 

Develop an understanding of the operation of diodes in dc circuits. 

Differentiate between the concepts of ac and dc resistance in diodes. 

Understand the load line concept in a simple diode circuit. 

Graphically visualize the half-wave and full-wave rectification process. 

Recognize the effect of capacitive filtering in a rectifier. 

Specify components for a simple power supply. 

3-1 INTRODUCTION _ 

In Chapter 2 we studied the construction and properties of a pn junction and 
mentioned that a semiconductor diode is an example of an electronic device 
that contains such a junction. We learned about the I-V relationship (the 
diode equation) that describes mathematically the behavior of a diode and 
used it for obtaining the operating voltage and current in a simple diode cir¬ 
cuit. We also learned to identify in a circuit when a diode is forward or 
reverse biased and used this fact in the analysis of diode logic circuits. 

In this chapter we will study the diode as a circuit device or component of 
an electronic circuit with a specific function. We will also learn about mod¬ 
eling a diode as an ideal or semi-ideal device by replacing it with a simpler 
equivalent circuit element. This approach will serve as our introduction to 
this standard and widely used method of electronic circuit analysis: Replace 
actual devices by simpler equivalent circuits in order to obtain solutions that 
are sufficiently accurate for the application in which they are used. This 
analysis method allows us to use standard procedures of solution for dc and 
ac circuits. Understand that this “replacement” of the diode by its equivalent 
circuit is done on paper only, in order to simplify calculations. 

Studying and understanding important concepts such as linearity, small- 
and large-signal operation, quiescent points, bias, load lines, and equivalent 
circuits are best accomplished by applying them to the analysis of the rela¬ 
tively simple diode circuit. In later chapters we will apply our knowledge of 
diode circuit analysis to the study of several practical circuits in which these 
versatile devices are used. 

Finally, this chapter will cover elementary power supplies (electronic cir¬ 
cuits used for converting ac voltage to dc voltage) where diodes play a very 
important role. A section on elementary voltage regulation is included with 
the aim of allowing students to build their own multi-voltage power supply 
early in the course. 

3-2 THE DIODE AS A NONLINEAR DEVICE __ 

Linearity is an exceptionally important concept in electronics. For our pur¬ 
poses now, we can best understand the practical implications of this rather 
broad concept by restricting ourselves to the following definition of a linear 
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electronic device: A device is linear if the graph relating the voltage across it to 

the current through it is a straight line . , 

If we have experimental data that shows measured values of voltage and 
the corresponding values of current, then it is a simple matter to plot these 
and determine whether the linearity criterion is satisfied. Often we have 
an equation that relates the voltage across a device to the current through it 
(or that relates the current to the voltage). If the equation is in one of the 

general forms 

V = aj + a 2 


or 

I = biV + b 2 

where a l9 a 2 , b u and b 2 are any constants, positive, negative, or 0, then the 
graph of V versus I is a straight line and the device is linear. In equation 3 1, 
a x is the slope of the line and has the units of ohms. In equation 3-2, h x is the 

slope and has the units siemens (formerly mhos). 

In fundamental circuit analysis courses, we learn that resistors, capacitors, 
and inductors are all linear electrical devices because their voltage-current 
equations are of the form of equations 3-1 and 3-2, such as V - IR , / VY, V t 
LX ,, or I c = Vc/Xq, to name a few. 

In these voltage-current equations, we of course assume that any other 
circuit characteristics such as frequency are held constant. In other words, 
only the magnitudes of voltage and current are regarded as variables. In 
each case, all else being equal, increasing or decreasing the voltage causes 
a proportional increase or decrease in the current. Figure 3-1 is a plot of 
the voltage V across a 200-fl resistor versus the current / through it. The 
linearity property of the resistor is clearly evident and follows from the 
Ohm’s law relation V = 200/. Note that the slope of the line equals the 
resistance, r = AVIA I = 200 fl, and that the linear relation applies to 
negative voltages and currents as well as positive. Reversing the directions 
(polarities) of the voltage across and current through a linear device does 
not alter its linearity property. Note also that the slope of the line ts every¬ 
where the same: No matter where along the line the computation A VIA! is 

performed, the result equals 200 fl. _ . , . 

When displaying the voltage-current relationship of an electronic device 

on a graph, it is conventional to plot current along the vertical axis and voltage 
along the horizontal axis—the reverse of that shown in Figure 3-1. Of course, 
the graph of a linear device is still a straight line; reversal of axes is equivalent 
to expressing the F-J relation in the form of equation 3-2, with slope having the 

units of conductance, G = AIIAV= 1 IR (siemens) instead of resistance. 

\ 


FIGURE 3-1 The graph of 
V versus I for a resistor is a 
straight line. A resistor is a , 
linear device, and the value 
of A V/AI is the same no matter 
where it is computed. 
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In Chapter 2 we stated that the current-voltage relation for a pn junction 
(and therefore for a diode) is 

I D = I s {e Vl>lr]VT - 1) (3-3) 

where I s = saturation 
current 

V r = thermal voltage ~ 26 mV at room temperature 
H = a function of V D , whose value ranges between 1 and 2 

Equation 3-3 is clearly not in the form of either equation 3-1 or 3-2, so 
the diode’s voltage-current relation does not meet the criterion for a linear 
electronic device. We conclude that a diode is a nonlinear device. Figure 3-2 
is a graph of the I-V characteristic of a typical silicon diode in its forward- 
biased region. The graph is most certainly not a straight line. 

Figure 3-2 shows how identical AV values result in different A I values 
along the I-V curve, revealing that the resistance AV/AI decreases (steeper 
slope) as diode current increases. Unlike a linear device, the resistance of a 
nonlinear device depends on the voltage across it (or current through it)— 
i.e., the resistance depends on the point where the values of A Vand A I are cal¬ 
culated—specifically, at the biasing or operating point. In the case of a diode, 
we further note that the I-V characteristic becomes very nearly horizontal at 
low values of current and in the reverse-biased region (see Figure 2-12). 
Therefore, in these regions, large changes in voltage, AV, create very small 
changes in current. A/, so the value of AVIAI is very large. 

The region on the I-V curve where the transition from high resistance to 
low resistance takes place is called the knee of the curve. When the diode 
current is significantly greater or less than that in the vicinity of the knee, 
we will say that it is biased above or below the knee, respectively. The biasing 
point is also called the quiescent point or Q-point, for short. 



AVj AV 2 AV 3 


A forward-biased diode characteristic. The value of All AV depends upon the 
location where it is computed. 
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3-3 ac AMP do RESIS TANCE _ 

The resistance AVIAI is called the ac (or dynamic ) resistance of the diode. It is 
called ac resistance because we consider the small change in voltage, AV, such 
as might be generated by an ac generator, causing a change in current, A/. In 
using this graphical method to calculate the ac resistance, the changes A Vand 
A I must be kept small enough to avoid covering sections of the I-V curve over 

which there is an appreciable change in slope. 

Henceforth we will refer to the ac resistance of the diode as r Ih where the 
lowercase r is in keeping with the convention of using lowercase letters for 
ac quantities. Thus, let us define r D as 

0 - 4 ) 

D A/.. 


for small AV D and A I D about the operating point For very small variations, 
AIdIAV d approaches the slope of the tangent at the 0-point. 

When a dc voltage is applied across a diode, a certain dc current will flow 
through it. The dc resistance of a diode is found by dividing the dc voltage 
across it by the dc current through it. Thus the dc resistance, also called the 
static resistance, is found by direct application of Ohm’s law. We will desig- 
nate dc diode resistance by R D : 

R ~ Vd - 

k D J 

h) 

Like ac resistance, the dc resistance of a diode depends on the point on 
the I-V curve at which it is calculated. For instance, the dc resistance of 
the diode at point A in Figure 3-2 is represented by a straight line that 
passes through the origin and point A. If the diode is biased at a larger cur 
rent, it is apparent that the straight line will have a larger (steeper) slope, 
meaning that the dc resistance will be smaller. (The larger the slope, 
the smaller the resistance.) We see that the diode is nonlinear in both the 
dc and the ac sense; that is, both its dc and ac resistances change over a 

wide range. , r i/ 

When analyzing or designing diode circuits, it is often the case that the I V 

characteristic curve is not available. In most practical work, the ac resistance 
of a diode is not calculated graphically but is found using a widely accepted 
approximation. It can be shown that the ac resistance is closely approximated 
by r D = V-JI& where V T is the thermal voltage and l D is the dc current in 
amperes. For T = 300 K, V r is about 26 mV so at room temperature 


26 mV 
Id 


(3-6) 


This approximation is valid for both silicon and germanium diodes and is ob¬ 
tained using calculus by differentiating the diode equation 


with respect to V D ; that is, 


_ Llmv t _ l D 

- _ .. f r 


1 V T 

- or r D = — 

r D l D 


(3-7) 


(3-8) 


There is one additional component of diode resistance that should be men¬ 
tioned. The resistance of the semiconductor material and the contact resistance 
where the external leads are attached to the pn junction can be lumped to¬ 
gether and called the bulk resistance, r B , of the diode. Usually less than 111, the 













Chapter 3 


O 


bulk resistance also changes with the dc current in the diode, becoming quite 
small at high current levels. The total ac resistance of the diode is r D + r B , but 
at low current levels r D is so much greater than r B that r B can usually be neg¬ 
lected. At high current levels, r B is typically on the order of 0.1 H. 

When a diode is connected in a circuit in a way that results in the diode 
being forward biased, there should always be resistance in series with the diode 
to limit the current that flows through it. The following example illustrates a 
practical circuit that could be used to determine J— V characteristics. 


IPLE3-1 


The circuit shown in Figure 3-3 was connected to investigate the relation 
between the voltage and current in a certain diode. The adjustable voltage 
source was set to several different values in order to control the diode 
current, and the diode voltage was recorded at each setting. The results are 
tabulated in the table in Figure 3-3. 

1. Find the dc resistance of the diode when the voltage across it is 0.56,0.62, 
and 0.67 V. 

2. Find the ac resistances presented by the diode to an ac signal generator 
that causes the voltage across the diode to vaiy between 0.55 V and 0.57 V, 
between 0.61 V and 0.63 V, and between 0.66 V and 0.68 V. 

3. Find the approximate ac resistances when the diode voltages are 0.56 V, 
0.62 V, and 0.67 V. Assume bulk resistances of 0.8 O, 0.5 H, and 0.1 fi, 
respectively. 

Solution 

1. The dc diode resistances at the voltages specified are found from equa¬ 
tion 3-5, R d = Vy/ D . At V = 0.56 V, 

0.56 V _ 


Rd = 


1.04 x 10 3 A 


= 538.5 O 


At V - 0.62 V, 


Rn = 


nc;i hi 


(Example 3-1) 


0.62 V 
10.8 X 10- 


Measurement 

Number 




/(mA) 

V (volts) 

0.705 

0.55 

1.04 

0.56 

1.54 

0.57 

7.33 

0.61 

10.8 

0.62 

15.9 

0.63 

51.1 

0.66 

75.3 

0.67 

110.8 

0.68 



V) voltmeter 
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At V= 0.67 V, 


MOO 

D 75.3 X 10 3 A 


2. The ac diode resistances are found from equation 3-4, r n - &V n f\I n , as 
follows: 

(0.57 - 0.55) V = 0.02 V = ^ ^ 

r ° (1.54 - 0.705) X 10 “ 3 A 0.835 X 10 1 A 

r D = - 0-02 V — = 2.33 n 

0 8.57 X 10 3 A 

0.02 V _ na . 0 
D 59.7 X 10 “ 3 A 

3. The approximate ac resistances are found using relation (3-6), r o **0.Q26/I D 
and adding the bulk resistance r B . At V - 0.56 V, 


0.026 , 

r D = —} - + r B~ 


0.026 

1.04 x 10 3 A 


+ o .8 a = 25.8 a 


At V= 0.62 V, 


= + r a =- 0 026 + 0.5 a = 2.91 a 

D h 10.8 x 10 3 A 


At 0.67 V, 


0.026 _ 0. 026 
J 8 + Vb ~ 75.3 x 10 3 A 


+ o.i a = 0.445 a 


Note that each ac resistance calculated in part 3 is at a diode voltage 
in the middle of a range (AV) over which an ac resistance is calculated in 
part 2. We can therefore expect the approximations for r,> to agree reasonably 
well with the values calculated using rp = AVjyA/y. The results bear out 
this fact. 


3-4 ANALYSIS OFdc CIR CUITS CONTAINING DIODES 

In virtually every practical dc circuit containing a diode, there is one sim¬ 
plifying assumption we can make when the diode current is beyond the 
knee. We have seen (Figure 3-2, for example) that the l-V curve is essen¬ 
tially a vertical line above the knee. The implication of a vertical line on 
an I-V characteristic is that the voltage across the device remains constant, 
regardless of the current that flows through it. Thus the voltage drop across 
a diode remains substantially constant for all current values above the 
knee. This fact is responsible for several interesting applications of diodes. 
For present purposes, it suggests that the diode is equivalent to another 
familiar device that has this same property of maintaining a constant 
voltage, independent of current: a voltage source! Indeed, our first simpli¬ 
fied equivalent circuit of a diode is a voltage source having a potential 
equal to the (essentially) constant drop across it when the current is above 
the knee. 

Figure 3-4(a) shows a simple circuit containing a forward-biased diode. 
Assuming the current is above the knee, the diode can be replaced by a 0.7-V 
source as shown in Figure 3-4(b). 











; ; 3-4 For analysis purposes, IIGURl. Idealized characteristic 

the forward-biased diode in (a) can be curves. The diodes are assumed to be 

replaced by a voltage source, as in (b) °P en circuits until the forward-biasing 

voltages are reached. 

The idealized characteristic curves in Figure 3-5 imply that the diode is 
an open circuit (infinite resistance, zero current) for all voltages less than 
0.3 V or 0.7 V and becomes a short circuit (zero resistance) when one of those 
voltage values is reached. These approximations are quite valid in most real 
situations. Note that it is not possible to have, say, 5 V across a forward-biased 
diode. If a diode were connected directly across a +5-V source, it would act 
like a short circuit and damage either the source, the diode, or both. When 
troubleshooting a circuit that contains a diode that is supposed to be forward 
biased, a diode voltage measurement greater than 0.3 V or 0.7 V means that 
the diode has failed and is in fact open. 

In some dc circuits, the voltage drop across a forward-biased diode 
may be so small in comparison to other dc voltages in the circuit that it 
can be neglected entirely. For example, suppose a circuit consists of a 25-V 
source in series with a 1-kfl resistor in series with a germanium diode. Then 
/ = (25 0.3)/(l k Cl) = 24.7 mA. Neglecting the drop across the diode, 

we would calculate I = 25/(1 kH) = 25 mA, a result that in most practical 
situations would be considered close enough to 24.7 mA to be accurate. 



Assume that the silicon diode in Figure 3-6 requires a minimum current of 
1 mA to be above the knee of its I-V characteristic. 



1. What should be the value of R to establish 5 mA in the circuit? 

2. With the value of R calculated in (1), what is the minimum value to which 
the voltage E could be reduced and still maintain diode current above 
the knee? 


FIGURE 3-6 
(Example 3-2) 


Solution 

1. If / is to equal 5 mA, we know that the voltage across the diode will be 
0.7 V. Therefore, solving for R, 



(5 - 0.7) V 
5 X 10 ' 3 A 


= 860 n 


2. In order to maintain the diode current above the knee, I must be at least 
1 mA. Thus, 



E - 0.7 
860 


5 : 10 


3 


A 


Therefore, since R = 860 H, 
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or 

£>(860 x 10 3 ) + 0.7 
£> 1.56 V 


Circuits containing dc sources and two or more diodes can be analyzed 
through general circuit analysis by assuming a conducting or nonconducting 
state for each diode according to the polarity or orientation of the sources. 
Each diode assumed to be conducting is replaced by a 0.7-V or 0.3-V source. 
Even in cases where the conduction state is not obvious, one can assume an 
arbitrary state and solve for the currents. If a diode is assumed to be forward 
biased and the calculated forward current turns out to be negative, it means 
that the diode is not conducting and should be replaced by an open circuit. 
Obviously, the circuit needs to be reanalyzed with the new condition. An 
example illustrating the concept follows. 


EXAMPLE 3-3 


Determine the current through each branch in the following circuit (Figure 
3-7). Assume silicon diodes. 

Solution 

Assuming both diodes are conducting, we replace both with 0.7-V sources as 
indicated in Figure 3—8 and write the two mesh equations according to the 
assigned directions for I x and I 2 . 

Mesh 1: 3/j - 2 / 2 = 13.6 (using V, kH, and mA) 

Mesh 2: - 2 I x + SI 2 = 4.3 

Using Kramer’s rule or any of the other methods, we obtain 

I x = 5.4 mA = I D i and J 2 = 1.3 mA 
The (forward) current through D 2 , according to KCL, is then 

I D2 = 5.4 - 1.3 = 4.1 mA 

Because both diode currents turned out to be positive, both diodes are 
indeed conducting and the answers are all correct. 




Sketch the output voltage V 0 in the following circuit for the variable input 
voltage V s depicted in Figure 3-9. 


Solution 


When V s = 0, the diode is reverse biased and is therefore an open circuit. The 
output voltage at this point is also zero. As V s increases, the diode will continue 
being open and V 0 will be equal to, or track, V s since no drop occurs across the 










Chapter 3 



(Example 3-4) 



(Example 3-4) -IKL .-.-11 (Example 3-4) 


series resistor The diode starts conducting at t = 0.5 sec when V s - 6 V, that 
is, when it overcomes the 5.3-V battery plus the 0.7-V diode drop. When the 
diode is conducting, the equivalent circuit in Figure 3-10 results. 

Using superposition and the voltage-division rule, we can write (using V, 
mA, and kfi) an expression for V 0 as a function of V s : 

v 0 = iihh + (tti) 6 = 0-25 ys + 4-5 (Fs a 6 v) 

Alternatively, we could have written the loop current I = ( V s ~ 6)/4, from 
which we obtain the voltage V 0 as 

V 0 = 1(1) + 6 = + 6 = 0.25 Vs + 4.5 V (V s S 6 V) 

According to this expression, when Vg = 6 V at t = 0.5 sec, V 0 — 0.25(6) + 4.5 — 
6 V, as expected. At t = 1 sec, when V s = 12 V, V a is 0.25(12) + 4.5 -7.5 V. Using 
symmetry, we can determine the behavior of the circuit for 1 < t < 2. The 
resulting waveform for V 0 is illustrated in Figure 3-11. 
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The Loac . ine 

The concept of biasing a diode by means of a voltage source and a series 
resistor can also be seen from a graphical perspective. In later chapters, we 
will see that this graphical analysis applies to other devices as well. Consider 
the diode circuit of Figure 3-12. According to KVL, the loop equation yields 
j D = (E - Y d )/R = - (1 IR)V d + E/R. Note that this equation is a straight line 
(recall y = mx + b) with slope -HR and y-intercept (/^intercept, in our case) 
E/R. The relationship between V D and l D also obeys the diode equation, 
namely: 

I D ~ I s e v ‘- tv ' <3~9> 

So if we plot both the straight line and the exponential diode curve as shown 
in Figure 3-12, the crossing point will clearly represent the simultaneous 
solution of the two equations.The coordinates of this point are the operating 
voltage and current of the diode for the given E and R values, that is, the 
biasing operating point (Q-point). If the resistor R is reduced in value, the 
slope of the straight line will be steeper (dotted line) with the crossing point 
at a higher current as expected. 

To further illustrate the point, suppose we wanted to reduce the cur¬ 
rent back to its original value but now by reducing the source voltage E. 
This effect can also be seen graphically as the shifting of the straight line 
to the left while maintaining the same slope (same resistance) as shown in 
the figure. 

The process just described dealt with changing the resistance or the 
source voltage to change the operating point. Now let us look at what hap¬ 
pens if, for instance, the diode is exposed to higher temperatures. As we 
know, the diode drop decreases at a rate of approximately -2.2 mV/°C. 
Figure 3-12 shows how the operating point moves according to the shifting 
of the diode curve due to change in temperature. As temperature increases, 
V DQ decreases and I DQ increases. In this situation, of course, we are not deal¬ 
ing with changing the operating point for design purposes, but with the 
undesirable effect of having the operating point displaced due to changes in 
temperature. 

3-5 ELEMENTARY POWER SUPPLIES __ 

A typical application of diodes is in the construction of dc power supplies, 
which are electronic circuits that convert ac voltage to dc voltage, or dc volt¬ 
age to a different dc voltage. Every electronic apparatus needs a power 
supply to operate. In this section, we will learn about the different basic 
schemes of obtaining dc voltage from an ac voltage source, such as a 120-V 
household outlet. 

We will first look at the behavior of a diode when it is operated under large- 
signal conditions, that is, when the current and voltage changes it undergoes 
extend over a large portion of its characteristic curve, from full conduction to 
reverse biasing and vice versa. When this is the case, the diode resistance will 
change between very small and very large values and, for all practical pur¬ 
poses, the diode will behave very much like a switch. 

An ideal (perfect) switch has zero resistance when closed and infinite 
resistance when open. Similarly, an ideal diode for large-signal applications is 
one whose resistance changes between these same two extremes. When ana¬ 
lyzing such circuits, it is often helpful to think of the diode as a voltage-controlled 
switch: A forward-biasing voltage closes it, and a zero or reverse-biasing voltage 
opens it. Depending on the magnitudes of other voltages in the circuit, the 0.3- 
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Vdq E ' E 

FIGURE 3-12 Q point displacement due to changes in load line and temperature 


or 0.7-V drop across the diode when it is forward biased may or may not be 
negligible. Figure 3-13 shows the idealized characteristic curve for a silicon 
diode (a) when the 0.7-V drop is neglected and (b) when it is not. In case (a), the 
characteristic curve is the same as that of a perfect switch. 

Half-Wave and Full-Wave Rectifiers 

One of the most common uses of a diode in large-signal operation is in a 
rectifier circuit. A rectifier is a device that permits current to flow through it 
in one direction only. It is easy to see how a diode performs this function 
when we think of it as a voltage-controlled switch. When the anode voltage is 
positive with respect to the cathode, i.e., when the diode is forward biased, 
the “switch is closed” and current flows through it from anode to cathode. H 
the anode becomes negative with respect to the cathode, the “switch is open” 


FIGURE 3-13 Idealized 
silicon diode characteristics, 
used for large-signal analysis 



(a) l-V characteristic 
when the diode is 
treated as a perfect 
switch having 0 voltage 
drop. 



(b) I- V characteristic 
when the diode is 
treated as a perfect 
switch that closes when 
V - 0.7 volts. 
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FIG I - The diode 

used as a rectifier. Current 
flows only during the positive 
half-cycle of the input. 




R 



and no current flows. Of course, a real diode is not perfect, so there is in fact 
some very small reverse current that flows when it is reverse biased. Also, as 
we know, there is a nonzero voltage drop across the diode when it is forward 
biased (0.3 or 0.7 V), a drop that would not exist if it were a perfect switch. 

Consider the rectifier circuit shown in Figure 3-14. We see in the figure that 
an ac voltage source is connected across a diode and a resistor, R , the latter de¬ 
signed to limit current flow when the diode is forward biased. Notice that no 
dc source is present in the circuit. Therefore, during each positive half-cycle of 
the ac source voltage e(t), the diode is forward biased and current flows through 
it in the direction shown. During each negative half-cycle of e{ t) the diode is re¬ 
verse biased and no current flows. The waveforms of e(t ) and i(t) are sketched 
in the figure. We see that i{t) is a series of positive current pulses separated by 
intervals of zero current. Also sketched is the waveform of the voltage v R (t) that 
is developed across Rasa result of the current pulses that flow through it. Note 
that the net effect of this circuit is the conversion of an ac voltage into a pul¬ 
sating dc voltage, a fundamental step in the construction of a dc power supply. 

If the diode in the circuit of Figure 3-14 is turned around so that the 
anode is connected to the resistor and the cathode to the generator, then the 
diode will be forward biased during the negative half-cycles of the sine wave. 
The current would then consist of a sequence of pulses representing current 
flow in a counterclockwise, or negative, direction around the circuit. 


EXAMPLE 3-5 


Assume that the silicon diode in the circuit of Figure 3-15 has a characteris¬ 
tic like that shown in Figure 3-13(b). Find the peak values of the current i(t) 
and the voltage v R (t) across the resistor when 

1 . e(t) = 20 sin cot, and 

2 . e(t) - 1.5 sin cot. In each case, sketch the waveforms for e(t), i(t), and v R (t). 

Solution 

1. When e(t ) = 20 sin cot, the peak positive voltage generated is 20 V. At the 
instant e(t) = 20 V, the voltage across the resistor is 20 - 0.7 = 19.3 V, and 
the current is i = 193/(1.5 kft) = 12.87 mA. Figure 3-16 shows the 
resulting waveforms. Note that because of the characteristic assumed in 
Figure 3-13(b), the diode does not begin conducting until e(t) reaches 
+0.7 V and ceases cpnducting when e(t ) drops below 0.7 V. The time 
interval between the point where e(t) = 0 V and e(t) ~ 0.7 V is very short 
in comparison to the half-cycle of conduction time. From a practical 


FIGURE 3-13 (Example 3-5) 
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Diode current and voltage in the FIGURE . -17 Diode current and voltage in 

circuit of Figure 3-15. Note that the diode does not the circuit of Figure 3-15 when the sine wave 

conduct until e(t) reaches 0.7 V, so short intervals of peak is reduced to 1.5 V. Note that the intervals 

nonconduction occur during each positive half-cycle. of nonconduction are much longer than those 

in Figure 3-16. • 

standpoint, we could have assumed the characteristic in Figure 3-13(a), 
i.e., neglected the 0.7-V drop, and the resulting waveforms would have 
differed little from those shown. 

2. When e(t) - 1.5 sin o)t, the peak positive voltage generated is 1.5 V. At that 
instant, u p (t) = 1.5 - 0.7 = 0.8 V and i(t) = (0.8 V)/(1.5 kfl) = 0.533 mA.The 
waveforms are shown in Figure 3-17. Note once again that the diode does 
not conduct until e(t) — 0.7 V. However, in this case, the time interval 
between e(t) — 0 V and e(t) = 0.7 V is a significant portion of the conduct¬ 
ing cycle. Consequently, current flows in the circuit for significantly less 
time than one-half cycle of the ac waveform. In this case, it clearly would 
not be appropriate to use Figure 3-13(a) as an approximation for the char¬ 
acteristic curve of the diode. 

As already mentioned, an important application of diodes is in the con¬ 
struction of dc power supplies. It is instructive at this time to consider how 
diode rectification and waveform filtering, the first two operations performed 
by every power supply, are used to create an elementary dc power source. 

The single-diode circuit in Figure 3-14 is called a half-wave rectifier, 
because the waveforms it produces (i(t) and v R (t)) each represent half a sine 
wave. These half-sine waves are a form of pulsating dc and by themselves are 
of little practical use. (They can, however, be used for charging batteries, an 
application in which a steady dc current is not required.) 

Capacitive Filtering 

Most practical electronic circuits require a dc voltage source that produces 
and maintains a constant voltage. For that reason, the pulsating half-sine 
waves must be converted to a steady dc level. This conversion is accomplished 
by filtering the waveforms. Filtering is a process in which selected frequency 
components of a complex waveform are rejected (filtered out) so that they do 
not appear in the output of the device (the filter) performing the filtering 
operation. The pulsating half-sine waves (like all periodic waveforms) can be 
regarded as waveforms that have both a dc component and ac components. 
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Our purpose in filtering these waveforms for a dc power supply is to reject 
all the ac components. It can be shown that the average (or dc) value of a half¬ 
wave rectified waveform is given by 

V av* = — (half-wave) 

where V PR = peak value of the rectified waveform = VlV nm 0.7 V. 

This average or dc value is what a dc voltmeter would read when 
connected across the load resistor. 

The simplest kind of filter that will perform the filtering task we have 
just described is a capacitor. Recall that a capacitor has reactance inversely 
proportional to frequency: X c = 1/2 nfC. Thus, if we connect a capacitor 
directly across the output of a half-wave rectifier, the ac components will 
“see” a low-impedance path to ground and will not, therefore, appear in the 
output. Figure 3-18 shows a filter capacitor, C, connected in this way. In this 
circuit the capacitor charges to the peak value of the rectified waveform, V PRi 
so the output is the dc voltage V PR . Note that V PR = V P V lh where V P is the 
peak value of the sinusoidal input and V D is the dc voltage drop across the 
diode (0.7 V for silicon). 

In practice, a power supply must provide dc current to whatever load it 
is designed to serve, and this load current causes the capacitor to discharge 
and its voltage to drop. The capacitor discharges during the intervals of time 
between input pulses. Each time a new input pulse occurs, the capacitor 
recharges. Consequently, the capacitor voltage rises and falls in synchronism 
with the occurrence of the input pulses. These ideas are illustrated in Figure 
3-19. The output waveform is said to have a ripple voltage superimposed on 
its dc level, V dc . 

When the peak-to-peak value of the output ripple voltage, V PP , is small 
compared to V dc , (a condition called light loading ), we can assume that the 
load current is essentially constant and will discharge the capacitor linearly 
according to the basic equation 



where A Vis the reduction in capacitor voltage over the time interval At and 
l is the current discharging the capacitor. Notice that At, within our discus¬ 
sion, is very close to the period of the rectified waveform; therefore, 
replacing A V with V PP , we can write the following expression: 

y = Ik. = V ? c — (3-12) 

frC frRlC 

where I L = load current 

f r = frequency of the rectified waveform 
C = filter capacitance 

FIGURE 3-18 Filter 
capacitor C effectively 
removes the ac components 
from the half-wave rectified 
waveform. 
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When load 
resistance R t . is connected 
across the filter capacitor, 
the capacitor charges and 
discharges, creating a load 
voltage that has a ripple 
voltage superimposed on 
a dc level. 


v c (n ~ v L ( n 



The dc voltage across the load is the average of the maximum and mini¬ 
mum values caused by the ripple voltage. This can clearly be approximated 
as the maximum value minus one half of V PPi expressly 

V„C -= VpR - { 

or 

|M4 > 

Note that this form is expressed in terms of I L , which is the most general 
situation. However, in the case where the load is a fixed resistance l L can 
be replaced with V d JR L , yielding 

V rfc = —^ {3 . 13 ) 

1 + 2 f r R L C 

Observing a rectified and filtered waveform, it is obvious that the smaller the 
variation V PPl the more the waveform will resemble a pure dc voltage. The 
variation portion is known as ripple and the value V PP is known as the ripple 
voltage. Furthermore, the ratio of the ripple voltage to the dc or average volt¬ 
age is known as the ripple factor or percent ripple and represents a measure of 
how close the filtered waveform resembles a dc voltage. Obviously, low rip¬ 
ple factors are desirable and can be achieved by properly selecting the 
capacitor value. The ripple factor r is then expressed by 

r = YfL x 100% 

V dc 

Ripple factors of up to 10% are typically acceptable in noncritical applica¬ 
tions. However, precision electronic circuits could require supply voltages 
with veiy low ripple factors. Although ripple factors could be reduced 
arbitrarily by using large capacitor values, a more practical solution is to use 
special circuits called voltage regulators that not only reduce the ripple 
voltage substantially but also maintain a constant dc voltage under variable 
load current. These circuits will be addressed later in the chapter. 
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The sinusoidal input, e b in Figure 3-19 is 120 V rms and has frequency 60 Hz. 
The load resistance is 2 kfl and the filter capacitance is 100 pF. Assuming 
light loading and neglecting the voltage drop across the diode, 

1 . find the dc value of the load voltage; 

2 . find the peak-to-peak value of the ripple voltage. 


Solution 

1. The peak value of the sinusoidal input voltage is V P = V2 (120 V rms) 
= 169.7 V. Since the voltage drop across the diode can be neglected, V PR 
= V P - 169.7 V. From equation 3-15, 


V A r = 


169.7 V 
1 


= 162.9 V 


2(60 Hz)(2 kli)(100 pF) 


2. From equation 3-12, 

_ 162 .9 V 

Vpp ~ (60 Hz)(2 kn)(100 (xF) 


13.57 V 


Full-Wavi . edification 

A full-wave rectifier effectively inverts the negative half-pulses of a sine wave 
to produce an output that is a sequence of positive half-pulses with no inter¬ 
vals between them. Figure 3-20 shows a widely used full-wave rectifier con¬ 
structed from four diodes and called a full wave diode bridge . Also shown is 
the full-wave rectified output. In this case, the average or dc value of the 
rectified waveform is 

Vavg = ~ V PR (full-wave) 

Note that on each half-cycle of input, current flows through two diodes, 
so the peak value of the rectified output is V PK = V P 2V n or V P 1.4 V 
for silicon. 

As in the half-wave rectifier, the full-wave rectified waveform can be fil¬ 
tered by connecting a capacitor in parallel with load R t . The advantage of the 
full-wave rectifier is that the capacitor does not discharge so far between 
input pulses, because a new charging pulse occurs every half-cycle instead of 
every full cycle. Consequently, the magnitude of the output ripple voltage is 
smaller. This fact is illustrated in Figure 3-21. 

Equations 3-12 and 3-14 for V PP and V dc are valid for both half-wave and 
full-wave rectifiers. Note that f r in those equations is the frequency of the rec¬ 
tified waveform, which, in a full-wave rectifier, is twice the frequency of the 



FIGURE 3-20 The full-wave bridge rectifier and output waveform. The arrows 
show the direction of current flow when e { is positive. 
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The ripple 

voltage in the filtered output 
of a full wave rectifier is 
smaller than in the half-wave 
case because the capacitor 
recharges at shorter intervals. 


V, 


(unfiltered) 




unrectified sine wave (see Figure 3-21). If the same input and component 
values used in Example 3-6 are used to compute V dc and V PP for a full-wave 
rectifier (/ r =120 Hz), we find 



_ 169.7 V _ 

__1_ 

1 + 2(120 Hz)(2 kO)(100 jjlF) 


166.2 V 


and 


Vpp (120Hz)(2kn)(100nF) 

Note that the value of the ripple voltage is one-half that found for the half¬ 
wave rectifier. 

Another means of obtaining full-wave rectification is through a center- 
tapped transformer and two diodes, as shown in Figure 3-22. Assume that 
the transformer is wound so that terminal A on the secondary is positive with 
respect to terminal B at an instant of time when v in is positive, as signified 
by the polarity symbols (dot convention) shown in the figure. Then, with the 
center tap as reference (ground), v A is positive with respect to ground and 
v B is negative with respect to ground. Similarly, when u in is negative, v A is 
negative with respect to ground and v B is positive with respect to ground. 

Figure 3-22(b) shows that when v in is positive, v A forward biases diode D t . 
As a consequence, current flows in a clockwise loop through R L . Figure 3-22(c) 
shows that when v in is negative, D 1 is reverse biased, D 2 is forward biased, and 
current flows through R L in a counterclock-wise loop. Notice that the voltage 
developed across R L has the same polarity in either case. Therefore, positive 
voltage pulses are developed across R B during both the positive and negative 
half-cycles of v m , and a full-wave-rectified waveform is created. 

The peak rectified voltage is the secondary voltage in the transformer, 
between center tap and one side, less the diode drop: 

V PR = V P - 0.7 V (3-17) 


where V P is the peak secondary voltage per side. 

To determine the maximum reverse bias to which each diode is sub¬ 
jected, refer to the circuit in Figure 3-23. Here, we show the voltage drops in 
the rectifier when diode Dj is forward biased and diode D 2 is reverse biased. 
Neglecting the 0.7-V drop across D ls the voltage across R L is v A volts. Thus the 
cathode-to-ground voltage of D 2 is v A volts. Now, the anode-to-ground voltage 
of D 2 is - v B volts, as shown in the figure. Therefore, the total reverse bias 
across D 2 is v A *f v B volts, as shown. When v A is at its positive peak, v B is at its 
negative peak, so the maximum reverse bias equals twice the peak value of 
either. We conclude that the PIV (peak inverse voltage) rating of each diode 
must be equal to at least twice the peak value of the rectified voltage: 


PIV >2 V PR 
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FIGURE 3-22 A full-wave 
rectifier employing a center- 
tapped transformer and two 
diodes 
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(a) Equivalent schematics of the full-wave rectifier 
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(b) Current flow when v,„ is positive. D, is 
forward biased and D 2 is reverse biased. 
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(c) Current flow when v,„ is negative. D, is 
reverse biased and D 2 is forward biased 
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EXAMPLE 3-7 


The primary voltage in the circuit shown in Figure 3—24 is 120 V rms, and the 
secondary voltage is 60 V rms from side to side (60 VCT). Find 

1. the average value of the voltage across R L ; 

2. the (approximate) average power dissipated by R L ; and 

3. the minimum PIV rating required for each diode. 

Solution 

1 . V P = V2(30) = 42.4 V per side 
From equation 3-17, V PR = V P - 0.7 V 42.4 0.7 V = 41.7 V. 

Although equation 3-16 does not strictly apply to a rectified waveform 
with 0.7-V nonconducting gaps, it is a good approximation when the peak 
value is so much greater than 0.7 V: 

2V pr 2(41.7 V) 


V 


avg 


IT 


TT 


= 26.5 V 
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Capacitive filtering with the center-tap configuration is identical to that 
described for the diode-bridge circuit. The only difference is the peak volt¬ 
age of the rectified waveform which, in this case, involves only one diode 
drop. Remember that in this configuration, the circuit rectifies the voltage 
from the center tap to each side of the transformer in alternating half-cycles. * 
For example, if the secondary of a transformer is rated 18 VCT, meaning 
18 volts rms with a center tap, the peak voltage of the rectified waveform V PR 

will be 9 x 1.414 0.7, or about 12 V. 

Although the elementary power supplies we have described can be used 
in applications where the presence of some ripple voltage is acceptable, 
where the exact value of the output voltage is not critical, and where the load 
does not change appreciably, more sophisticated power supplies have more 
elaborate filters and special circuitry (voltage regulators) that maintain a 
constant output voltage under a variety of operating conditions. These 
refinements are discussed in detail in Chapter 13. 

Voltage Multipliers 

Diodes and capacitors can be connected in various configurations to pro¬ 
duce filtered, rectified voltages that are integer multiples of the peak value 
of an input sine wave. By using a transformer to change the amplitude of an 
ac voltage before it is applied to a voltage multiplier, a wide range of dc 
levels can be produced using this technique. One advantage of a voltage 
multiplier is that high voltages can be obtained without using a high-voltage 
transformer. 

HALF-WAVE VOLTAGE DOUBLER Figure 3-25(a) shows a half-wave volt¬ 
age doubler. When v m first goes positive, diode D 2 is forward biased and diode 
D 2 is reverse biased. Because the forward resistance of Di is quite small, C, 
charges rapidly to V P (neglecting the diode drop), as shown in (b). During the 
ensuing negative half-cycle of v in , Du is reverse biased and D 2 is forward 
biased, as shown in (c). Consequently, C 2 charges rapidly, with polarity shown. 
Neglecting the drop across D 2 , we can write Kirchhoff’s voltage law around 
the loop at the instant v in reaches its negative peak, and obtain 

V P = -V P + V Cl 


or 
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- A half-wave 
voltage doubler 
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(a) Half-wave voltage-doubler circuit 
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(b) C t charges to Vp during the positive half-cycle of v /fI 


>'mQ) V P 


D,fopen) v t =?V, 


(c) Ci charges to 2V P during the negative half-cycle of i „ 


= 2V P 


(3-18) 


During the next positive half-cycle of o„„ D 2 is again reverse biased and the 
voltage across the output terminals remains at V^ } — 2Vp volts. Note carefully 
the polarity of the output. If a load resistor is connected across C 2 , then C 2 
will discharge into the load during positive half-cycles of t> lfl and will recharge 
to 2Vp volts during negative half-cycles, creating the usual ripple waveform. 
The PIV rating of each diode must be at least 2V P volts. 

FULL-WAVE VOLTAGE DOUBLER Figure 3-26(a) shows a full-wave volt¬ 
age doubler. This circuit is the same as the full-wave bridge rectifier shown 
in Figure 3-20, with two of the diodes replaced by capacitors. When v in is 
positive, Dj conducts and Cj charges to V P volts, as shown in (b). When v,-„ is 
negative, D 2 conducts and C 2 charges to V P volts, with the polarity shown in 
(c). It is clear that the output voltage is then V c + V Ci = 2V P volts. Since one 
or the other of the capacitors is charging during every half-cycle, the output 
is the same as that of a capacitor-filtered, full-wave rectifier. Note, however, 
that the effective filter capacitance is that of C t and C 2 in series, which is less 
than either C x or C 2 . The PIV rating of each diode must be at least 2V P volts. 

VOLTAGE TRIPLER AND QUADRUPLER By connecting additional diode- 
capacitor sections across the half-wave voltage doubler, output voltages equal 
to three and four times the input peak voltage can be obtained. The circuit is 
shown in Figure 3-27. When v in first goes positive, Cj charges to V P through 
forward-biased diode D a . On the ensuing negative half-cycle, C 2 charges through 
D 2 and, as demonstrated earlier, the voltage across C 2 equals 2 Vp. During the 
next positive half-cycle, D 3 is forward biased and C 3 charges to the same voltage 
attained by C 2 : 2V P volts. On the next negative half-cycle, D 2 and D 4 are forward 
biased and C 4 charges to 2V P volts. As shown in the figure, the voltage across the 
combination of C x and C 3 is 3V P volts, and that across C 2 and C 4 is 4V P volts. 






o 
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(a) The full-wave voltage-doubler circuit 




C, V, 


(b) C ( charges to during the positive half-cycle of r h . 


VpM D 


(reverse + 
biased) Cj Vp 


V 0 *2V P 



Ca'T' V'p 


(c) C 2 charges to Vp during the negative half-cycle of v m . 


FIGURE 


A full-wave voltage doubler 


j i G L L 3-2 7 Voltage tripler and quadrupler 


Additional stages can be added in an obvious way to obtain even greater mul¬ 
tiples of Vp. The PIV rating of each diode in the circuit must be at least 2V P volts. 


3-6 ELEMENTARY VOLTAGE REGULATION _ 

A basic power supply consisting of a transformer, one or more diodes, and a 
capacitor filter is subject to output voltage variations caused by changes in 
the load current and the ac line voltage to which the primary of the trans¬ 
former is connected. If the dc voltage provided by the power supply needs to 
be constant regardless of the changes just mentioned, some form of voltage 
regulation must be employed. A simple form of voltage regulation can be 
obtained by using a zener diode, mentioned in Chapter 2, or by employing 
a three-terminal integrated-circuit (IC) voltage regulator with fixed or 
adjustable voltage. More advanced power supplies and voltage regulators 
will be presented later in this text where additional electrical parameters 
and temperature effects will also be addressed. 

The Zener-Diode Voltage Regulator 

Zener diodes are specifically designed for operating in their reverse-bias region 
and are fabricated with a specific zener (avalanche) voltage and power rating. 
Their forward-bias behavior is no different from common diodes. 



;C 11' -; > I-V characteristic of a FIGURE 3-29 A simple voltage regulator using 

zener diode a zener diode 


Figure 3-28 shows a typical I-V characteristic for a zener diode. The 
forward-biased characteristic is identical to that of a forward-biased silicon 
diode and obeys the same diode equation that we developed in Chapter 2 
(equation 2-2). The zener diode is normally operated in its reverse-biased 
breakdown region, where the voltage across the device remains substantially 
constant as the reverse current varies over a large range. Like a fixed voltage 
source, this ability to maintain a constant voltage across its terminals, inde¬ 
pendent of current, is what makes the device useful as a voltage reference. 
The fixed breakdown voltage is called the zener voltage , V ZJ as illustrated in 
the figure. 

To demonstrate how a zener diode can serve as a constant voltage refer¬ 
ence, Figure 3-29 shows a simple but widely used configuration that main¬ 
tains a constant voltage across a load resistor. Notice the orientation of V z and 
I z . The circuit is an elementary voltage regulator that holds the load voltage 
near V z volts as R L and/or V s undergo changes. So the voltage across the par¬ 
allel combination of the zener and R L remains at V z volts, the reverse current 
I z through the diode must at all times be large enough to keep the device in 
its breakdown region, as shown in Figure 3-28. The value selected for R s is 
critical in that respect. As we shall presently demonstrate, R s must be small 
enough to permit adequate zener current, yet large enough to prevent the 
zener current and power dissipation from exceeding permissible limits. 

A couple of rules regarding the operation of the zener diode in 
Figure 3-29 should be addressed at this point: 

The zener current changes in direct proportion to input voltage variations. 

The zener current changes in inverse proportion to load current variations. 

This is because the zener diode adjusts its current in order to increase or 
decrease the voltage drop across R s and hence maintain a constant voltage 
V z . If V s increases, I z increases, and vice versa; if I L increases, I z decreases, 
and vice versa. 

It is apparent in Figure 3-29 that 

4 = 4 + 4 

Also, I s is the voltage difference across R s divided by R s : 



(3-20) 
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The power dissipated in the zener diode is 

Pz = VJz 

Solving equation 3-20 for R$, we find 



Substituting (3-19) into (3-22) gives 


Rs 


Vs - Vz 
h + h 


(3-21) 

(3-22) 

(3-23) 


Let / z (min) denote the minimum zener current necessary to ensure that the 
diode is in its breakdown region. As mentioned earlier, R s must be small 
enough to ensure that the I z (min) flows under worst-case conditions, namely 
when V s falls to its smallest possible value, V s (min), and I L reaches its larges 
possible value, /,,(max). Thus, from (3-23), we require 

_ Vs( min ) ~ V z ,2-24! 

Rs J z (min) + I L { max) 

With the established value for R s , we can now determine the actual power 
dissipation for the resistor and the zener diode. Obviously, maximum power 
will be dissipated by the resistor when the input voltage is maximum; that is, 

P Ks (max) = (Vs(max) - V Z ) 2 IR S 

Because the zener voltage is constant, maximum power will be dissipated 
by the zener diode when I z is maximum. This happens when V s is maximum 
and Ij is minimum according to the preceding rules. Therefore, 

V s (max) - V z . , ? 

I z (max) = —— -4H) 

Rs 


and 


P z (max) = V z I z (max) 

Note that the power rating for R s should be three or four times the actual 
maximum power dissipated by R s . However, such a large safety factor is not 
necessary for the zener diode. A 50% safety margin is very adequate in this 
case. For example, if the maximum dissipated power in a zener diode is, say, 

600 milliwatts, a 1-watt zener diode will do the job. 

Regarding the minimum zener current necessary to keep the diode m 
its avalanche region (i.e., maintaining regulation), a good rule of thumb is 
to use 5% to 10% of the maximum load current but no less than a few mi - 
liamps in the case of small load currents. For instance, if the maximum 
load current is 150 mA, the minimum zener current can be set at about 
10 mA or so. But if it is only about 10 mA, then the minimum zener current 
should probably not be set at about 1 mA but more like 3 or 4 mA It is im¬ 
portant to note that, as far as zener dissipation is concerned, the worst- 
case load condition in some applications may correspond to an open 
output; that is, R L = « and I L = 0. In that case, all of the current through 

R s flows in the zener. 


In the circuit of Figure 3-29, R s = 20 ft, V z = 18 V, and R h = 200 ft. If ^ 
can vary from 20 V to 30 V, find 
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1. the minimum and maximum currents in the zener diode; 

2. the minimum and maximum power dissipated in the diode, and 

3. the rated power dissipation that R s should have. 

Solution 

1. Assuming that the zener diode remains in breakdown, then the load volt¬ 
age remains constant at V z = 18 V, and the load current therefore remains 
constant at 

/t = 2!k = «V =90mA 

1 R l 200 ft 


From equation 3-20, when V s = 20 V, 

(20 V)-(18 V) 
/s “ 20 ft 


= 100 mA 


Therefore, I z = I S - 4 = (100 mA) - (90 mA) = 10 mA. When V s = 30 V, 

(30 V)-(18 V) _ 

/» = ------ - = 600 mA 

s 20 ft 

and I z = / s - 4 = (600 mA) - (90 mA) = 510 mA. 

2. P z (min) = V z / z (min) = (18 V)(10 mA) = 180 mW 
P z (max) = V Z I Z ( max) = (18 V)(510 mA) = 9.18 W 

3. P Rs { max) = /J(max)P s - (0.6) 2 (20) = 7.2 W (rated power should be 20 W) 


EXAMPLE 3-9 


The current in a certain 10-V, 2-W zener diode must be at least 5 mA to 
ensure that the diode remains in breakdown. The diode is to be used in 
the regulator circuit shown in Figure 3-30, where V s can vary from 15 V to 
20 V. Note that the load can be switched out of the regulator circuit in 
this application. Find a value for R s . What power dissipation rating should 
R s have? 


Solution 


Vs(min) = 15 V 
J z (min) = 5 mA 

P L (min) = R l = 500 ft (when the switch is closed ) 
Therefore, from equation 3-24, 

n V s (mm) - _ = _ ( 15 . 10 ' V -= 200ft 

Ks I z ( min) 4> V z IR l ( min) (5 mA) (10 V)/(500 ft) 



r l - soon 


FIGURE 3-30 (Example 3-9) 
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p _ = o.5 W (use 2-watt rating) 

200 v 

V s (max) = 20 V, / L (min) = 0 (switch open) 

V s (max) - V z w , . , 20-10 n _ CA _ A 

4(max) = -—-4(mm) = ——-0 - 50 mA 


Rs 


200 


P z (max) - (10 V)(50 mA) - 0.5 W 
The zener diode is operating well under its power rating. 


EXAMPLE 3-10 



An unregulated dc power supply provides a dc voltage that can vary between 
18 and 22 V. Design a 15-volt zener voltage regulator for a load haying I L (min) 
= 20 mA and I L (max) = 120 mA. Specify resistor and zener diode values, 
including power ratings. 

Solution 

First, the resistor value is calculated based on worst-case conditions for the 
minimum zener current. Minimum zener current occurs when V s is mini¬ 
mum and // is maximum. Using equation 3-24 with I z (min) = 5% of I L (max), 
we obtain 


V s ( min ) ~ v z 
Rs //(max) + I z (min) 


—-— = 23.8 a (use 24 ohms) 

120 + 6 


From equation 3-25, 


Pr (max) 


(22 - 15) 2 
24 


= 2.04 W (use rating of 5 or 7 watts) 


From equation 3-26, 

4(max) -——-.02 A = 272 mA 

P z (max) (15 V)(272 mA) = 4.08 W (use a 5-watt zener diode) 


Temperature tffects 

The breakdown voltage of a zener diode is a function of the width of its 
depletion region, which is controlled during manufacturing by the degree of 
impurity doping. Recall that heavy doping increases conductivity, which nar¬ 
rows the depletion region and therefore decreases the voltage at which break¬ 
down occurs. Zener diodes are available with breakdown voltages ranging 
from 2.4 V to 200V. As noted in Chapter 2, the mechanism by which breakdown 
occurs depends on the breakdown voltage itself. When V z is less than about 
5 V, the high electric field intensity across the narrow depletion region 
(around 3 X 10 7 V/m) strips carriers directly from their bonds, a phenomenon 
usually called zener breakdown. For V z greater than about 8 V, breakdown 
occurs as a result of collisions between high-energy carriers, the mechanism 
called avalanching. Between 5 V and 8 V, both the avalanching and zener mech¬ 
anisms contribute to breakdown. The practical significance of these facts is 
that the breakdown mechanism determines how temperature variations 
affect the value of V z . Low-voltage zener diodes that break down by the zener 
mechanism have negative temperature coefficients (V z decreases with 
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EXAMPLE 3-11 


increasing temperature) and higher-voltage avalanche zeners have positive 
temperature coefficients. When V z is between about 3 V and 8 V, the temper¬ 
ature coefficient is also strongly influenced by the current in the diode: The 
coefficient may be positive or negative, depending on current, becoming more 
positive as current increases. 

The temperature coefficient of a zener diode is defined to be its change 
in breakdown voltage per degree Celsius increase in temperature. For 
example, a temperature coefficient of +8 mV/°C means that V z will increase 
8 mV for each degree Celsius increase in temperature. Temperature stability 
is the ratio of the temperature coefficient to the breakdown voltage. 
Expressed as a percent, 

S(%) = — x 100% 

v 7 

where T.C. is the temperature coefficient. Clearly, small values of S are 
desirable. 

In applications requiring a zener diode to serve as a highly stable volt 
age reference, steps must be taken to temperature compensate the diode. 
A technique that is used frequently is to connect the zener in series with one 
or more semiconductor devices whose voltage drops change with tempera 
ture in the opposite way that V z changes, i.e., devices having the opp¬ 
osite kind of temperature coefficient. If a temperature change causes V z to 
increase, then the voltage across the other components decreases, so the 
total voltage across the series combination is (ideally) unchanged. For 
example, the temperature coefficient of a forward-biased silicon diode is 
negative, so one or more of these can be connected in series with a zener 
diode having a positive temperature coefficient, as illustrated in Figure 3-31. 
The next example illustrates that several forward-biased diodes having 
relatively small temperature coefficients may be required to compensate a 
single zener diode. 


A zener diode having a breakdown voltage of 10 V at 25°C has a temperature 
coefficient of +5.5 mV/°C. It is to be temperature compensated by connect¬ 
ing it in series with three forward-biased diodes, as shown in Figure 3-31. 
Each compensating diode has a forward drop of 0.65 V at 25°C and a tem 
perature coefficient of —2 mV/°C. 

1. What is the temperature stability of the uncompensated zener diode? 

2. What is the breakdown voltage of the uncompensated zener diode 
at100°C? 

3. What is the voltage across the compensated network at 25°C? At 100°C? 


FIGURE 3-31 Temperature 
compensating a zener diode 
by connecting it in series with 
forward-biased diodes having 
opposite temperature 
coefficients 
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4. What is the temperature stability of the compensated network? 


Solll 11 


1. From equation 3-27, 


S = 


T.C. x 100% 
Vz 


5.5 X 10 3 
10 V 


X 100% = 0.055% 


2. V z = (10 V) + AT(T.C.) = (10V) + (100°C - 25°C)(5.5 mV/°C) = 10.4125 V 

3. As shown in Figure 3-31, V 0 = V z + Vj + V 2 + V 3 . At 25°C, V 0 = 10 + 
3(0.65) = 11.95 V. At 100°C, the drop V D across each forward-biased diode 
is V D = (0.65 V) 4- (100°C - 25°C)(-2 mV/°C) = 0.5 V.Therefore, at 100°C, 
V n = (10.4125 V) + 3(0.5 V) = 10.5625V. 

4. The temperature coefficient of the compensated network is T.C. = 
(+5.5 mV/°C) + 3(—2 mV/°C) = (+5.5 mV/°C) - (6 mV/°C) = -0.5 
mV/°C. The voltage drop across the network (at 25°C) was found to be 
11.95 V, so 


S = . °' 5 mV/ _ °C = -0.00418% 

11.95 


We see that compensation has improved the stability by a factor greater 
than 10. 


Temperature-compensated zener diodes are available from manufactur¬ 
ers in single package units called reference diodes. These units contain spe¬ 
cially fabricated junctions that closely track and oppose variations in V z with 
temperature. Although it is possible to obtain an extremely stable reference 
this way, it may be necessary to maintain the zener current at a manufac¬ 
turer’s specified value in order to realize the specified stability. 


Zener-Diode Impedance 

The breakdown characteristic of an ideal zener diode is a perfectly vertical 
line, signifying zero change in voltage for any change in current. Thus, the 
ideal diode has zero impedance (or ac resistance) in its breakdown region. 
A practical zener diode has nonzero impedance, which can be computed in 
the usual way: 




Z z is the reciprocal of the slope of the breakdown characteristic on an I r V z 
plot. The slope is not constant, so the value of Z z depends on the point along 
the characteristic where the measurement is made. The impedance 
decreases as I z increases; that is, the breakdown characteristic becomes 
steeper at points farther down the line, corresponding to greater reverse 
currents. For this reason, the diode should be operated with as much reverse 
current as possible, consistent with rating limitations. 

Manufactures’ specifications for zener impedances are usually given 
for a specified A/ z that covers a range, from a small I z near the onset 
of breakdown to some percentage of the maximum rated I z . The values 
may range from a few ohms to several hundred ohms. There is also a 
variation in the impedance of zener diodes among those having different 
values of V z . Diodes with breakdown voltages near 7 V have the smallest 
impedances. 
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A zener diode has impedance 40 H in the range from I z = 1 mA to I z - 10 mA. 
The voltage at I z = 1 mA is 9.1 V. Assuming that the impedance is constant 
over the given range, what minimum and maximum zener voltages can be 
expected if the diode is used in an application where the zener current 
changes from 2 mA to 8 mA? 

Solution 

From equation 3-29, the voltage change between I z ~ 1 mA and l z = 2 mA is 
AV Z = M z Z z = [(2 mA) - (1 mA)](40 D) = 0.04 V.Therefore, the minimum volt¬ 
age is V z (min) = (9.1V) + AV Z = (9.1V) + (0.04 V) = 9.14 V. The voltage change 
between I z = 2 mA and l z ~ 8 mA is AV Z = [(8 mA) (2 mA)l(40 11) — 0.16 V. 
Therefore, the maximum voltage is V z (max) = V z (min) + \V Z = (9.14 V) + 
(0.16 V) = 9.3 V. 


Three-Terminal Integrated-Circuit Regulators 

A three-terminaTregulator is a compact, easy-to use, fixed voltage regulator 
packaged in a single integrated circuit. To use the regulator, it is necessary 
only to make external connections to the three terminals: V in> V a , and ground. 
These devices are widely used to provide local regulation in electronic sys¬ 
tems that may require several different supply voltages. For example, a 5-V 
regulator could be used to regulate the power supplied to all the chips 
mounted on one printed circuit board, and a 12-V regulator could be used for 
a similar purpose on a different board. The regulators might well use the 
same unregulated input voltage, say, 20 V. 

A popular series of three-terminal regulators is the 7800/7900 series, 
available from several manufacturers with a variety of output voltage ratings. 
Figure 3-32 shows National Semiconductor specifications for their 7800-se¬ 
ries regulators, which carry the company’s standard LM prefix and which are 
available with regulated outputs of +5 V, +12 V, and +15 V. The last two dig¬ 
its of the 7800 number designate the rated output voltage. For example, the 
7805 is a +5-V regulator and the 7815 is a +15-V regulator. The 7900-series 
regulators provide negative output voltages. Notice that the integrated cir¬ 
cuitry shown in the schematic diagram is considerably complex. It can be 
seen that the circuit incorporates a zener diode as an internal voltage refer¬ 
ence. The 7800/7900 series also has internal current-limiting circuitry. 

Important points to note in the 7800-series specifications include the 

following: 

1. The output voltage of an arbitrarily chosen device might not exactly 
equal its nominal value. For example, with a 23-V input, the 7815 output 
may be anywhere from 14.4 V to 15.6 V. This specification does not mean 
that the output voltage of a single device will vary over that range, but 
that one 7815 chosen at random from a large number will hold its output 
constant at some voltage within that range. 

2. The input voltage cannot exceed 35 V and must not fall below a certain 
minimum value, depending on type number, if output regulation is to be 
maintained. The minimum specified inputs are 7.3,14.6, and 17.7 V for 
the 7805,7812, and 7815, respectively. 

3. Load regulation is specified as a certain output voltage change (AK 0 ) as 
the load current (I 0 ) is changed over a certain range. For example, the out¬ 
put of the 7805 will change a maximum of 50 mV as load current changes 
from 5 mA to 1.5 A, and will change a maximum of 25 mV as load current 
changes from 250 mA to 750 mA. 
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'jlA Semiconductor 

LM78XX Series Voltage Regulators 


Voltage Regulators 


General Description 

The LM78XX serie* of three terminal regulators is 
available with several fixed output voltages making them 
useful in a wide range of applications. One of these is 
local on card regulation, eliminating the distribution 
problems associated with single point regulation. The 
voltages available allow these regulators to be used «n 
logic systems, instrumentation, HiFi, and other solid 
state electronic equipment. Although designed primarily 
■s fixad voltage regulators these devices can be used 
with external components to obtain adjustable voltages 
and currents. 

The LM78XX series is available m an aluminum TO-3 
package which will allow over 1 OA load current if 
adequate heat sinking is provided Current limiting is 
included to limit the peak output current to a safe value. 
Safe area protection for ihe output transistor is provided 
to limit internal power dissipation If internal power 
dissipation becomes too high for the heat sinking 
provided the thermal shutdown circuit takes over 
preventing the 1C from overheating 

Considerable effort was expended to make the LM78XX 
senes of regulators easy to use and minimize the number 


of external components. It is not necessary to bypass the 
output, although this does improve transient response. 
Input bypassing is needed only if the regulator is located 
far from the filter capacitor of the power supply. 

For output voltage other than 5V, 12V and 15V the 
LM117 series provides an output voltage range from 
1.2V to 57V. 

Features 

■ Output current in excess of 1A 

• Internal thermal overload protection 

• No external components required 

• Output transistor safe area protection 

■ Internal short circuit current limit 

■ Available in the aluminum TO-3 package 

Voltage Range 

LM7805C 5V 

LM7812C 12V 

LM7815C 15V 


3 

s 

SP 

3- 

(a 


Schematic and Connection Diagrams 


Metal Can Peeke** 

TO-3 ilO 

Aluminum 



Order Number* 
LM780SCK 
LM7812CK 
LM781SCK 
ee Peeke** KC02A 


Plartte Package 
T0-220 ITl 


Order Number*: 
LM7B06CT 
LM7812CT 
LM7B15CT 
See Peeke** T03B 




7800-series voltage-regulator specifications (Courtesy of National 

Semiconductor) 


For negative voltage regulation, the 7900 series provides the same char¬ 
acteristics as the 7800 series but for negative input and voitage 

Another popular three-terminal IC regulator is the LM317, which can 
provide adjustable output voltage by simply adding a few external compo¬ 
nents. The LM317 can supply up to 1.5 A of current to a load when mounted 


LM78XX Series 
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Absolute Maximum Ratings 

35V 

Internally Limited 


Input Voltege (VO=5V, 12V and 15V) 
Internal Power Dissipation (Note 1) 
Operating Temperature Range (Ta) 


Maximum Junction Temperature 
(K Package) 

<T Package) 

Storage Temperature Range 
Lead Temperature (Soldering, 10 aeconde) 
TO*3 Package K 
TO-220 Package T 


0*C to 4-70*0 

150 *C 
125 *C 
-85*Cto + 150*C 

300 *C 
230 *C 


Electrical Characteristics LM78XXC <No.e ao-c< n < -c 


OUTPUT VOLT AO E 

5V 

12V 

15V 

UNITS 

INPUT VOLTAGE (unlee* othemrt** noted) 

10V 

19V 

23V 

PARAMETER 

CONDITIONS 

MtN TYP MAX 

MIN TYP MAX 



Ti = 25*C. 5mA< 1 q 4 1A 

4 8 5 52 


14 4 15 156 

v 

Vq Output Voltage 

P 0 a 15 W, SmA < Iq< ’A 

Vuiw 4 Vim 4 Vu ax 


11 4 128 

(14 5 4 V, N 4 271 

14 25 15 75 

{17 5 4 V|N« 30) 

V 

v ..' 

aVq Line Regulation 

Iq = 500 mA 

VSWBKBm 


mUEREl 

■ yr Bbil 

mV 

V 





mV 

V 

1 0 < tA 


50 

(7 3 4 V|N * 20* 



w 


*8MNB! 



mV 

V 

a Vq Load Regulation 

Tj = 25 *C 


MB 

12 120 
60 


mV 

5 mA 4 1 q 4 


50 

120 

150 

mV 

|q Quiescenl Current 

l 0 « 1A 

Tj = 25 *C 

0*C< 1) 4 +125*0 

B 

85 

8 

85 

a 

85 

mA 

mA 

-.. —- 

Quiescent Cuireni 
Change 


1A 

05 



mA 

1l = 25*C. lo< 1A 

1 0 

(7 5 4 Vjn 4 20) 

HP^I 


mA 

V 

Iq 4 500 mA. 0*C 4 7) 4 * 125 *C 

V M 1N< Win* v M ax 


1 0 

114 5 4 V tN 4 301 

10 

(17 5 4 V|n 4 30) 

90 

■jjj 

v N Output Noise Voltage 

AVi N 

„ Ripple Reiection 

AVqut 

Ta = 25-C. 1 

1= 120 Me 

VMIN * V(N 

Iq 4 IA. Tj = 25 *C or 

Iq 4 500 mA 

0‘C < Tj 4 ♦ 125 *C 

* vmax 

62 B0 

62 

18 4 V, N 4 tat 

55 72 

55 

Il6 4 V|n 4 251 


36 

dB 

V 

Dropout Voltage 
Output Resistance 

Rq Short-Circuit Current 

Peak Output Current 

Average TCol Vqut 

T| = 25 *C. 'OUT = 1A 

1 * 1 kHx 

Tj = 25*C 

T| = 25*C 

0*C 4 Tj 4 ♦ 125 "C. to * 5 mA 

20 

8 

2 1 

2« 

0$ 

20 

18 
« 5 

24 
i 6 

20 

18 

1 2 

24 

1 8 

mfl 

A 

A 

mV/ *C 

input Voltage 

v )N Required to Maintain 
Line Regulation 

Tj = 25*C. ,A 

73 

14 6 

17 7 

V 


NOTE 1: Tiwrmei issuance or ine i v ■» ■■■- - - • 

TO-220 peckw IT! b tyjxeattv 4“C/W junction to cm* end 50*C/W ce»e to ambient _ 

«enr* J^rtrorocterietica are measured with capacitor acroea the inut of 0.22 H F and a cepeotoi acroaa the output of 0.1 *F. AB «h.*aaniticMfr 

change* in interna) te m p eret u ro mu«t be taken into account separately. 


FIGURE 3-32 Continued 


on a suitable heat sink. Figure 3-33 shows the specifications for this regula¬ 
tor. For negative voltage regulation, the LM337 is very much like the mirror 

image of the LM317 positive regulator. 

Both regulators operate based on an internal fixed voltage reference of 
1 25 V and a bias current of 100 pA, as shown in Figure 3-34. Resistor R, 
establishes a current of (1.25 V)/H„ which, together with the bias current 
produces a voltage drop across R 2 ■ The output voltage will then be 
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LM117/LM317A/LM317 
3-Terminal Adjustable Regulator 


General Description 

Th# LM117 senes of adjustable 3-terminal positive voltage 
regulators a capable of supplying in excess of 1.5A over a 
1 2V to 37V output range They are exceptionally easy to 
use and require only two externa resistors to set the output 
voltage Further both line and load regulation are better than 
standard fixed regulators Also, the LM117 is packaged In 
standard transistor packages wh ch are easity mounted and 
handled 

In addition to higher performance than fixed regulators, the 
LM117 series offers full overload protection available only in 
IC's Included on the chip are current limit, thermal overload 
protection and safe area protection. All overload protection 
circuitry remains fully functional even if the adjustment termi¬ 
nal is disconnected 

Normally, no capacitors are needed unless the device is situ¬ 
ated more than 6 inches from the input filter capacitors in 
which case an input bypass is needed. An optional output 
capacitor can be added to improve transient response. The 
adjustment terminal can be bypassed to achieve very high 
ripple rejection ratios which are difficult to achieve with stan¬ 
dard 3-terminal regulators. 

Besides replacing fixed regulators, the LM117 Is useful in a 
wide variety of other applications. Since the regulator Is 
“floating* and sees only the Input-to-output differential volt- 

Typicai Applications 

1.2V-2SV Adjustable Regulator 

until 


^ ,y. J l 

. 

• Ml 

- c| * ,i 1 

+ 

■T— I.ImF 

& 



oaonoo-i 

FuD utfpul awrera rx* evaabto at high input-output voltages 
'Masted fiteyfcgta wore than 6 Inrfwa from fitter cap ec fl o ra . 

’Optional— tmproraa transact! ra a pon a a. Oitput capaatara In tha rangn 
oltuFto 1000uFofWurtnumor tantalumatedrolytfcare commonly 
usooto provfcte njarwad output impadanoe and lejectat of tranalerta. 


ttVour - ’-28V 1 Iwi/Rz) 


age, supplies of several hundred volts can be regulated as 
long as the maximum input to output differential is not ex¬ 
ceeded, i.e., avoid short-circuiting the output. 

Also, it makes an especially simple adjustable switching 
regulator, a programmable output regulator, or by connecting 
a fixed resistor between the adjustment pin and output, the 
LM117 can be used as a precision current regulator. Sup¬ 
plies with electronic shutdown can be achieved by damping 
the adjustment terminal to ground which programs tha out¬ 
put to 1.2V where most loads draw little current. 

For applications requiring greater output current, see LM150 
series (3A) and LM138 series (5A) data sheets. For the 
negative complement, see LM137 series date sheet 

Features 

■ Guaranteed 1% output voltage tolerance (LM317A) 

■ Guaranteed max. 0.01 %/V line regulation (LM317A) 

■ Guaranteed max. 0.3% load regulation (LM117) 

■ Guaranteed 1.5A output current 

■ Adjustable output down to 1.2V 

■ Current limit constant with temperature 

■ P* Product Enhancement tested 

■ 80 dB ripple rejection 

a Output Is short-circuit protected 


LM117 Series Packages 

Part Number Design 

Suffix Package Load 

_ Currant 

K _ TO-3 1.5A 

H TO-39 O.SA 

T ~~ T0-220 1.5A 

E _ LCC O.SA 

S _ TO-263 1.5A 

EMP SOT-223 1A 

MPT _ TO-252 O.SA 

SOT-223 vs D-Pak (TO-252) 
Packages 


70-252 

qauenftVM 


Scale 1:1 


e 1909 Maflonat Semico n ducto r Corporation DS009063 


wwwnatlonalxom 


Specifications for the LM317/LM117 (Reprinted with permission of 
National Semiconductor Corporation) 

V„ = v ref + ( I A + ~^)r 2 

where I A = 100 pA and = 1.25 • V, nominally. The manufacturer 
recommends 240 ohms for R x to establish a current of about 5 mA through it. 
When this is the case, I A can be neglected and V Q can be approximated by V a 
= V ref (l + R 2 IR i)- The output voltage can be made adjustable by using 


LM117/LM317A/LM317 3-Terminal Adjustable Regulator 
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Electrical Characteristics (Note 3> 

Specifications with standard type face are for Tj = 25'C, and those with boldface type apply over full Operating Tempera¬ 
ture Range. Unless otherwise specified. V| N - Vqut = 5V, and I 0 ut - 10 mA 


Parameter 


Reference Voltage 


Line Regulation 


Load Regulation 


Thermal Regulation 


Adjustment Pin Current 


Adjustment Pin Current 
Change 


Temperature Stability 


Minimum Load Current 


Current Limit 


Conditions 


LM317A 


RMS Output Noise. % of Vqut 


Ripple Rejection Ratio 


Long-Term Stability 


Thermal Resistance, 
Junction-to-Case 


Thermal Resistance, 
Junction-to-Ambient (No Heat 
Sink) 



(V in -V O ut) = 40V 


<V lN “ V our ) £ 15V 
K, T, S Packages 
H Package 
MP Package 


(V, N - Vqut) * 40V 
K, T, S Packages 
H Package 
MP Package 


10 Hzsf £ 10 kHz 


Vour = 10V, f = 120 Hz, 
Caqj = 10 uF _ 


•j - 125‘C, 1000 hra 


K Package 
MDT Package 
H Package 
T Package 
MP Package 


K Package 
MDT Package(Note 6) 
H Package 
T Package 
S Package (Note 6) 


Note 1: Absatuts Maximum Ratings indents limits beyond which damage to the davioa way occur Operating Ratings indicate conditions for which th« ctevica is *v 
tended to to funcaooN but do not guarantee specific performance limita. For guaranteed soedfleatkxs and test condibens. sea the Bacsrieal Characteristics. 77* 
guaranteed spedfkarfcns apply only for the test cnndih'cns I'stad. 

Note 2: Refer to RETS117H drawing for the LM117H, or the RETS 117K for the LM117K mffltmy spectfcatxra. 

Note 3: Although poww tfesipatfon e rtemaiiy limited, these specifications are applicable for mawnum power dissipations ol 2W ter me TCV39 and SOT-223 end 
20W for tha T03, TO-220, and TO-263. l*yoc is 1.5A for the TQ-3, TO-220. and TO-263 packages. 0.5A for tha TO-39 package and 1A for the SOT-223 Package 
Ml limits (i.e.. the raimbws in the Mfo. and Max. columns) are guaranteed to National's AOQL (Arerage Ortgoing Ojalty Level) 

Nate 4: Regulation rs measured at a constant Junction temperature, icing pulse testing with a tow duty cycle. Changes in outfit voltage (tee to heating dfacs am 
covered under the spedttcatfans ftr thermal ragutallon. 

Note S: Huran body model. 100 pF discharged through a 1.5 kfi resistor. 

Note 6: If the TD-2B3 or TO-252 peckages are used, the thermal resistance can be reduoec by increasing thn PC boerd coppar area thermaily ccn neaad to th e 
tf th» snT.gr* [Mritage it ustto tne thermal resistance can ba reduced by incrsa&nq ttw PC board ccpper area (see apptaaScna fMTta for haaUu AlH)) 
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FIGURE 3-33 Continued 

a variable resistor for i? 2 . For better results, 1-pF tantalum capacitors can be 
connected across both the input and output sides (see data sheet). 


3-7 DIODE TYPES, RATIN GS, AND SPECIFICATIONS _ 

Discrete diodes—those packaged in individual cases with externally acces¬ 
sible anode and cathode connections—are commercially available in a wide 
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range of types designed for different kinds of service and for a variety of 
applications. We find, for example, switching diodes designed specifically for 
use in logic circuit applications, like those discussed in the last section. These 
diodes typically have low power-dissipation ratings, are small in size, and are 
designed to respond rapidly to pulse-type inputs, that is, to switch between 
their ON and OFF states with minimum delay. Rectifier or power diodes are 
designed to carry larger currents and to dissipate more power than switching 
diodes. They are used in power supply applications, where heavier currents 
and higher voltages are encountered. Small-signal diodes are general- 
purpose diodes used in applications such as signal detection in radio and TV. 

Figure 3-35 illustrates the variety of sizes and shapes that commercially 
available diodes may have. Each of those shown has a designation that iden¬ 
tifies the standard case size it has (DO-4, DO-7, etc.). Materials used for case 
construction include glass, plastic, and metal. Metal cases are used for large, 
rectifier-type diodes to enhance the conduction of heat and improve their 
power-dissipation capabilities. 

There are two particularly important diode ratings that a designer 
using commercial, discrete diodes should know when selecting a diode for 
any application: the maximum reverse voltage (V RM ) and the maximum 
forward current. The maximum reverse voltage, also called the peak inverse 
voltage (PIV), is the maximum reverse-biasing voltage that the diode can 
withstand without breakdown. If the PIV is exceeded, the diode “breaks 
down” only in the sense that it readily conducts current in the reverse 
direction. As discussed in Chapter 2, breakdown may result in permanent 
failure if the power dissipation rating of the device is exceeded. The maxi¬ 
mum forward current is the maximum current that the diode can sustain 
when it is forward biased. Exceeding this rating will cause excessive heat 
to be generated in the diode and will lead to permanent failure. Manufac¬ 
turers’ ratings for the maximum forward current will specify whether the 
rating is for continuous, peak, average, or rms current, and they may pro¬ 
vide different values for each. The symbols I 0 and I F are used to represent 
forward current. 


In the circuit of Figure 3-36, a rectifier diode is used to supply positive 
current pulses to the 100-0 resistor load. The diode is available in the com¬ 
binations of ratings listed in the table portion of the figure. Which is the least 
expensive diode that can be used for the application? 

Solution 

The applied voltage is 120 V rms. Therefore, when the diode is reverse biased 
by the peak negative value of the sine wave, it will be subjected to a maximum 
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FIGURE 3-35 Discrete diode case styles (Courtesy of International Rectifier Corp. 
and Thomson-CSF Components Corp.) 


reverse-biasing voltage of (1.414)(120) = 169.7 V. The V m rating must be 

greater than 169.7 V. . 

The average value of the current is one-half the average value of a single 

sinusoidal pulse: I AVG = (l/2)(0.637 I P ) A, where J, is the peak value of the pulse. 
(Note that the factor 1/2 must be used because the pulse is present for only one- 
half of each full cycle.) The peak forward current in the example (neglecting the 
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V RU Max I„ (average) Unit Cost 


(Example 3-13) 100V i.OA $0.50 

150 V 2.0 A 1-50 

200 V 1.0 A 2.00 

200 V 2.0 A 3.00 

500 V 2.0 A 3.50 

500 V 5.0 A 5.00 



drop across the d.ode) is I P = (169.7 V)/(100 Cl) = 1-697 A. Therefore, the average 
forward current through the diode is I AVG = (l/2)(0.637 + 1.697) 0.540 A. 

The least expensive diode having ratings adequate for the peak in¬ 
verse voltage and average forward current values we calculated is the one 

costing $2.00. __ 


Figure 3-37 shows a typical manufacturer’s specification sheet for a 
line of silicon small-signal diodes. Like many other manufactured elec¬ 
tronic components, diodes are often identified by a standard type number 
in accordance with JEDEC (Joint Electron Devices Engineering Council) 
specifications. Diode-type numbers have the prefix IN, like those shown m 
the leftmost column of Figure 3-37. (Not all manufacturers provide JEDEC 
numbers; many use their own commercial part numbers.) The second col¬ 
umn in the specification sheet shows the maximum reverse voltage, V«m, 
for each of the diode types. Note that V RM ranges from 20 V to 200 V for the 
diodes listed. The third column shows the rated average forward current, 
of each diode in mA, and these range from 0.1 mA to 200 mA.The next two 
pairs of columns list values of reverse current, I R , for different values of re¬ 
verse voltage, V R , and ambient temperature, T amb . The next column gives ca¬ 
pacitance values in pF, an important specification in high-frequency and 
switching applications. The column headed t„ lists the reverse recovery 
time of each diode, in nanoseconds. This specification relates to the time 
required for a diode to switch from its ON to its OFF state and is another 
important parameter in switching circuit design. Finally, the maximum 
rated power dissipation is given in mW. The product of diode voltage and 
diode current should never exceed this rating in any application (unless 
there is some auxiliary means for removing heat, such as a cooling fan). 

Figure 3~38(a) shows a typical specification sheet for a line of silicon rec¬ 
tifier diodes. Note that the forward current ratings for these diodes are gen¬ 
erally larger than those of the small-signal diodes. The current ratings are 
given as l F(AV) (average), and I FSM , each in units of amperes. I FSM is the maxi¬ 
mum nonrepetitive forward current that the diode can sustain, that is, the 
maximum value of momentary or surge current it can conduct. Note that the 
j FSM values are much larger than the I F(AV) values. The voltage ratings are 
specified by V mhb the maximum repetitive reverse voltage that each diode 
can sustain. Also note the large physical sizes and the metal cases of the stud- 
mounted rectifiers that are capable of conducting currents from 12 to 40 A. 

Diode bridges are commonly available in single-package units. These 
packages have a pair of terminals to which the ac input is connected and 


The Diode as a Circuit Element 



o 

THOMSON-CSf 


silicon signal diodes 


Tw¬ 


in 456 
IN 456A 
IN 457 
IN 457A 
IN 458 
IN 458A 
IN 461 
IN 461A 
IN 462 
IN 462A 
IN 463 
IN 464 
IN 464A 
IN 482 
IN 482A 
IN 4828 
IN 483 
IN 484 
IN 484A 
IN 484B 
IN 914 
IN 914A 
IN 9148 
IN 916 
IN 916A 
IN 916B 
IN 3082 
IN 3063 
IN 3064 
IN 3066 
IN 3070 
IN 3071 
IN 3595 
IN 3600 
IN 3604 
IN 3605 
IN 3606 
IN 4148 
IN 4149 
IN 4150 
IN 4151 
IN 4152 
IN 4153 
IN 4154 
IN 4244 
IN 4305 
IN 4446 
IN 4447 
IN 4448 
IN 4449 
IN 4450 
IN 4454 


Vr-Vrm 

*0 

»R < 

VR 

»R 

f 

C 

Vt 


Vp-IV 








mu 

fV) 

min 

(mA) 

A> 

IVI 

WAI 

«°C| 

mu 

(pfl 

(nal 

(mm 

PURPOSE AND HIGH SPEED SWITCHING 




30 

40 

0,025 

25 

5 

160 



250 

30 

100 

0,025 

25 

5 

150 



250 

70 

20 

0.025 

60 

6 

150 



250 

70 

100 

0,025 

60 

5 

150 



250 

150 

7 

0.025 

125 

5 

150 



250 

150 

100 

0,025 

125 

5 

150 



250 

30 

15 

0,5 

26 

30 

150 



250 

30 

too 

0,5 

25 

30 

ISO 



250 

70 

5 

0,5 

60 

30 

150 



250 

70 

100 

0.5 

60 

30 

150 



250 

200 

1 

0,5 

175 

30 

ISO 



250 

150 

3 

0,5 

125 

30 

150 



250 

150 

100 

0,6 

125 

30 

150 



250 

40 

100 • 

0.25 

30 

30 

150 



260 

40 

100 

0.025 

30 

15 

150 



250 

40 

100 

0,025 

30 

5 

150 



260 

70 

100 * 

0,25 

60 

30 

150 



250 

130 

100 • 

0,25 

125 

30 

3 50 



250 

..A 

130 

too 

0,025 

125 

15 

150 



250 

130 

100 

0,025 

125 

5 

150 



250 

100 

10 

0,025 

20 

50 

150 

4 

4 

250 

100 

20 

0.025 

20 

50 

150 

4 

4 

250 

100 

too 

0.025 

20 

50 

150 

4 

4 

250 

100 

10 

0,025 

20 

50 

150 

2 

4 

260 

100 

20 

0.025 

20 

50 

150 

2 

4 

250 

100 

30 

0.Q2S 

20 

50 

ISO 

2 

4 

250 

75 

20 

0.1 

60 

100 

150 

1 

2 

250 

75 

10 

0.1 

50 

100 

150 

2 

4 

250 

75 

10 

0,1 

50 

100 

150 

2 

4 

250 

75 

50 

0.1 

50 

100 

150 

6 

50 

250 

200 

100 

0.1 

150 

100 

150 

5 

50 

250 

200 

200 

0,1 

125 

500 

125 

8 

3000 

500 

150 

200 

0,1 

50 

100 

150 

25 

4 

250 

50 

10 

0.1 

50 

100 

150 

1 

2 

250 

SO 

0,05 

SO 

50 

150 

2 

2 

250 


0.1" 

0,06 

. 30 

50 

150 

2 

2 

250 


0,1** 

0,05 

50 

50 

150 

2 

2 

250 

100 

10* 

0.025 

20 

so 

150 

4 

4 

500 

100 

10 

0.025 

20 

50 

150 

2 

4 

500 

50 

200 

0,1 

50 

100 

150 

25 

4 

500 

75 

50 

0.05 

50 

50 

150 

2 

2 

500 

40 

0.1" 

0.05 

>30 

50 

150 

2 

2 

500 

75 

0.1" 

0,06 

50 

50 

150 

2 

2 

500 

25 

30 

0,1 

25 

100 

150 

4 

2 

500 

20 

20 

0,1 

10 

100 

150 

08 

0 75 

260 

75 

10 

0,1 

50 

100 

ISO 

2 

4 

500 

100 

20 

0,025 

20 

50 

150 

4 

4 

500 

100 

20 

0,025 

20 

50 

150 

2 

4 

500 

100 

100 

0,025 

20 

50 

150 

4 

4 

500 

100 

30 

0.025- 

20 

50 

150 

2 

4 

500 

40 

200 

0.05 

30 

50 

150 

4 

4 

500 

75 

10 

1 

50 

100 

150 

2 

4 

500 

"Vp = 0.55 V 









T a mb = 2S°C 



FIGURE 3 -37 A typical diode data sheet (Courtesy of Thomson-CSF) 


another pair at which the full-wave-rectified output is taken. Figure 3-38(b) 
shows a typical manufacturer’s specification sheet for a line of single¬ 
package bridges with current ratings from 1 to 100 A. The VW* specifications 
refer to the maximum repetitive reverse voltage ratings of each, i.e., the peak 
inverse voltage ratings when operated with repetitive inputs, such as sinu¬ 
soidal voltages. These ratings range from 50 to 1200 V. Note the I FSM specifi¬ 
cations, which refer to maximum forward surge current. 

Power Supply Component Specifications 

Designing a simple power supply, as the reader might have already con¬ 
cluded, should not be a lengthy and difficult task. Nevertheless, the designer 
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General Purpoa# Stud Mounted Silicon Root Iff lara 


SILICON UCTlfWS - GENERAL PURI***' ’ 

Silicon rectifiers are available from less than 1 Amp to 3000 
Amps and voltages to 3000 volts In addition to the standard 
industry packages there are a number of other packages 


available as required. Two of these are shown below These are 
ruggedly built devices with an excellent reputation for reliability 
and performance. 
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OTHER CONNECTIONS 

In addition to the flax leads shown in 
the case style drawings. IR also has 
threaded stud, threaded hole and (lag 
terminal top connections available for 
some case styles. Contact 
your local IR Distributor, 

IR Field Office or IR Gl 
Segundo offices for more 
information. 




A typical rectifier data sheet (Courtesy of International Rectifier) 


will need to perform a few calculations that will yield the required specifi¬ 
cations and ratings for the power supply components. 

Let us begin with the transformer. We will need to work backwards 
from the regulated output voltage, to the required unregulated voltage, to 
the secondary voltage from the transformer. An important point to 
remember is that if a diode-bridge rectifier is to be used, the secondary 



KBPCIOOS KBPC6005] 


HIQJBOSi 

JQOTJBl 

10036? 


2KBPC05 


KBPCI02 KBPC602 


2KBP02 


KBPC UH K6PC 604 
KB PC) 06 KBPC606 
KBPC1Q8 i KBPCGQ8 
X8PC110 KBPCBU5 


1OOJ041 


2*BPQ< 

2K8P06 

2KBP08 

2KBPI0 


100J86L 2S0JB6L 
lOCuBBl ,250 681 
IOOjBI 0L i 250JB lOl 
tOOJBI?. [250JB12L 

il an ll 3 * *0d 


11KABB0E ,18DB8A 2KBB80 
!tKABIOOE11 BOBI0A 2KBB100 


for detailed specifications conuci your oc»1 Ifl Field OH it o» IR Distributor 


MAPI NUMBERS 


Irt (Ai Outrul C “■■'1 


C,lM’ S' 

LJULJ 

_ J;_ 

mil - NuMHfOS 


FIGURE 3—38(b) Diode bridge specifications (Courtesy of International Rectifier) 

peak voltage from the transformer should be, in ballpark numbers, close 
to the required unregulated voltage. If a center-tapped transformer and 
two diodes are used, the secondary voltage must be twice as much. 
Remember that the filtering capacitor charges to the peak voltage of the 
rectified waveform. 
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EXAMPLE 3-14 


Because the dc unregulated voltage has a ripple component, the peak 
voltage of the rectified waveform (V«) needs to be somewhat larger than the 
minimum required unregulated dc voltage. When a voltage regulator Ids 
used the ripple factor does not have to be very low; a 10 /o figure would be 
adequate. Therefore, V PR needs to be about 5% higher than the minimum 
unregulated dc voltage. We will also need to take into account one or two 
diode drops depending on whether we use a rectifier with center-tapped 

transformer or a diode bridge, respectively. . _, 

The current rating of both transformer and diodes is the same. The sum 
of all the load currents times a safety factor will determine the current rat¬ 
ing. Additionally, the PTV rating of the diodes needs to be specified as well. 
Recall that the maximum reverse voltage per diode equals the peak voltage 
from the secondary A safety factor can also be used for the PIV rating. In 

both cases, a safety factor of 1.5 to 2 is adequate. . . 

For the capacitor value(s) and rating(s), we make use of the npple volt¬ 
age formula (equation 3-12) in terms of the load current. Again, if the power 
supply includes a regulator, a 10% ripple factor is acceptable. However, if a 
regulator is not required, the ripple factor should be less than 5 A. The 
capacitor voltage should be somewhat larger than V PR ; a safety factor of . 

to 2 is also appropriate for capacitor voltage. 

Finally, a fuse needs to be placed in series with one of the ac power Lines 
to protect the power supply in case an excessive current develops anywhere 
in the circuit or the load. The power in the primary of the transformer is about 
the same as that in the secondary because the efficiency of commercial trans¬ 
formers is high.Therefore, the rms voltage-current product in the primary will 
equal the rms voltage-current product in the secondary. The fuse current rat¬ 
ing should be about 50% higher than the calculated primary current. Addi¬ 
tionally, if more than one regulator will be used, it would be a good idea to 
also protect the input to each regulator with a quick-acting fuse. 


Design an experimenter’s power supply that provides two regulated voltages: 
+12 V at 1 A and +5 V at 1 A. 


Solution 

We start by specifying the two regulators; the 7812 for the 12-V output, and 
the 7805 for the 5-V output. The 7812 requires a minimum unregulated input 

voltage of 14.6 V. Let us work with a target of 16 V. 

Now we can determine the specs for the transformer. With a 10 /„ 
ripple, needs to be 16.8 V, which is 5% above 16 V. If we choose to use a 
diode-bridge rectifier, then 16.8 = 1.41 V rms - 1.4 V, from which - 12.9 

V (secondary voltage). We can specify a 12-V transformer because the - 
actual secondary voltage would be about 13 V to 14 V at normal loading. 
The transformer’s current rating should be at least 2 A because the current 
from each regulator can be up to 1 A. However, it is not a good engineering 
practice to specify ratings based on strict minimum requirements; one 
should always use a safety margin. A rating of 2.5 or 3 A will do the job. 

The filter capacitance value is determined by using equation 3-12 with 
4 = 2A, f r = 120 Hz, and V PP = 10% of 16 V = 1.6 V. (We are using a 10% 

ripple factor.) 



2 A 

(120 Hz)(1.6 V) 


= 10,400 pF 
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The voltage rating should be at least the value of V PR or, in this case, 
about 17 V. A capacitor with a voltage rating of 25 or 30 V is appropriate. The 
final capacitor specification is: Electrolytic type, 10,000 pF at 25 or 30 V 
Diode-bridge specification is based on the total load current and the 
reverse voltage to which the diodes will be exposed. As stated previously, the 
diode rating is the same as for the transformer: 2 or 2.5 A. The reverse volt 
age per diode is the peak voltage from the secondary or about 17 V. We will 
use a PIV rating of 50 V, which is the lowest typically available. 

The fuse is finally specified according to the current in the primary 
which can be obtained from equating primary and secondary powers, 
that is, 

V I ■ = V I 

v pn x pn r sec 4 sec 

which yields 

V I 

r v sec 1 sec 


and 



(2 A)(12 V) 
120 V 


= 200 mA 


A 250 mA, slow-blow type would be a good choice for the fuse. Slow blow 
specification is necessary because when the power is first turned on, the ini¬ 
tial current is much larger than the normal operating current. Additionally, 
the fuse should also protect the transformer if its maximum rating is 
exceeded. Therefore, the current rating of the fuse should not exceed the 
value of the primary current that results at the maximum rated secondary 
current. In our case, for example, if we use a 12-V, 3-A transformer, the 
primary current at the rated secondary current would be 



(3 A)(12 V) 
120 V 


= 300 mA 


The rating of the fuse must not exceed this value. 


3-8 MULTISIM EXERCISE __ 

Observing on the Oscilloscope the Filtered Output Voltage 
and the Diode Current in a Half-Wave Rectifier 

Figure 3-39 shows a half-wave rectifier with capacitive filter and a resis¬ 
tive load. Notice that a 1-0 resistor has been added in series with the ac 
voltage source to sense the diode current and display it on the oscillo¬ 
scope. The resistor must be on the ground side because the oscilloscope 
must be grounded. 

Before you start the simulation, double-click on the oscilloscope and set 
it up to 5 ms/div for the time axis, 1 V/div for channel A, and 100 V/div for 
channel B. Once the simulation is running, pause it and observe the wave¬ 
form from channel A, which represents the diode current. Because the sens¬ 
ing resistor has a value of 1 ft, the current will be numerically identical to 
the displayed voltage. Note that the current peaks reach almost 2 amperes. 
The current peaks appear negative on the oscilloscope because of the 
polarity of the voltage drop according to the direction of the diode current. 
Notice also that current flows through the diode only during the recharge 
of the capacitor. 
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Half-wave 
rectifier with oscilloscope 
connected to observe diode 
current and output voltage 


:!■**: I 



SUMMARY ___— 

have an understanding of the following concepts: 

Diodes are used for allowing current to flow in only one direction. 
Diodes are an essential part in all power supplies. 

Rectified waveforms can be full-wave or half-wave. 

Full-wave rectification can be done with four diodes and an ac source, or 
with two diodes and a center-tapped transformer. 

Capacitive filtering substantially reduces the pulsating character o 
a rectified waveform. 

Zener diodes and special integrated circuits provide voltage regulation. 


EXERCISES __ _ 

SECTION 3-2 

The Diode as a Nonlinear Device 

Make a sketch of the I-V characteristic 
curve for a 10-kD resistor when current 
I is plotted along the vertical axis and 
voltage V along the horizontal axis. 
What is the slope of the characteristic? 
Be certain to include units in your 
answer. 

Make a sketch of the I-V characteris¬ 
tic curve for a diode with I s - 0.02 pA for 
V D values from zero to 0.7 V. Use the 

approximation 

Id - l s e VD ' VT 

What is the slope of a line tangent to the 
curve at I D ~ 2 mA? 


SECTION 3-3 

ac and dc Resistance 

- Using the diode I-V characteristic shown 
in Figure 3-40, find (graphically) the 
approximate ac resistance when the cur¬ 
rent in the diode is 0.1 mA. Repeat when 
the voltage across it is 0.64 V. Is the diode 
silicon or germanium? 

5 _ 4 . using the diode I-V characteristic shown 
in Figure 3-40, find (graphically) the 
approximate value of the dynamic resist¬ 
ance when the current in the diode is 
0.2 mA. Repeat when the voltage across 
the diode is 0.62 V. What is the approxi¬ 
mate maximum knee current? 

3 -5. Find the dc resistance of the diode at 
each point specified in Exercise 3-3. 
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The Diode as a Circuit Element 


A certain diode conducts a current of 
440 nA from cathode to anode when the 
reverse-biasing voltage across it is 8 V. 
What is the diode’s dc resistance under 
these conditions? 

When the reverse-biasing voltage in 
Exercise 3-9 is increased to 24 V, the 
reverse current increases to 1.20 pA. What 
is its dc resistance in this case? 

In the test circuit shown in Figure 3-3, 
a diode voltage of 0.69 V was measured 
when the diode current was 163 mA. 

(a) What is the dc resistance of the 
diode at V D = 0.69 V? 

(b) What is the ac resistance of the 
diode when the voltage across it 
changes from 0.68 V to 0.69 V? 

In the circuit shown in Figure 3-41, the 
current I is 34.28 mA. What is the volt¬ 
age drop across the diode? What is its dc 
resistance? 

Repeat Exercise 3-12 if the resistor R is 
220 O and the current I is 51.63 mA. 


SECTION 3-4 

Analysis ofdc Circuits Containing Diodes 

- . Determine the currents I t and I 2 in 

Figure 3-42. Assume silicon diodes. 

- . Repeat Problem 3-14 when diode D 1 is 

reversed. 

3 - ' The voltage V s in Figure 3-43 can 
be varied between zero and 20 V. 
Assuming the diodes behave as shown 
in Figure 3-13(b): 

(a) Determine the voltage levels of V s at 
which D t and D 2 begin conducting. 

(b) Find the currents through each 
diode when V s reaches 20 V. 

3-17. Find the current in each diode in the 
circuit of Figure 3-44. Assume diode 
drops of 0.7 V. 


Find the static resistance of the diode at 
each point specified in Exercise 3-4. 

Neglecting bulk resistance, use equa¬ 
tion 3-6 to find the approximate ac 
resistance of the diode at each point 
specified in Exercise 3-3. 

Assume that the bulk resistance of the 
diode whose I-V characteristic is shown 
in Figure 3-41 is 0.1 O when the current 
is greater than 1.5 mA and 0.5 Cl when 
the current is less than 1.5 mA. Use equa¬ 
tion 3-6 to find the approximate dynamic 
resistance of the diode at each point 
specified in Exercise 3-4. 


FIGURE 3-42 
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(Exercise 3-19) 



SECTION 3-5 

Elementary Power Supplies 

In the circuit shown in Figure 3-15, the 
1 .5-kft resistor is replaced with a 2.2-kft 
resistor. Assume that the silicon diode 
has a characteristic curve like that shown 
in Figure 3—13(b). If e(t) — 2 sin o)t, find 
the peak value of the current i(t) and the 
voltage v R (t ) across the resistor. Sketch 
the waveforms for e(t) } i(t), and v R (t). 

The silicon diode in Figure 3-45 has a 
characteristic curve like that shown in 
Figure 3-13(b). Find the peak values of 
the current i(t) and the voltage v R (t) 
across the resistor. Sketch the waveforms 
for Kt), and v R (t). 

What peak-to-peak sinusoidal voltage 
must be connected to a half-wave recti¬ 
fier if the rectified waveform is to have a 
dc value of 6 V? Assume that the forward 
drop across the diode is 0.7 V. 

What should be the rms voltage of a si¬ 
nusoidal wave connected to a full-wave 


rectifier if the rectified waveform is to 
have a dc value of 50 V? Neglect diode 
voltage drops. 

>-22- The half-wave rectifier in Figure 3-19 has 
a 250-pF filter capacitor and a 1.5-kft load. 
The ac source is 120 V rms with frequency 
60 Hz. The voltage drop across the silicon 
diode is 0.7 V. Assuming light loading, find 

(a) the dc value of the load voltage; 

(b) the peak-to-peak value of the ripple 
voltage. 

- . . The half-wave rectifier in Exercise 3-22 is 
replaced by a silicon full-wave rectifier, 
and a second 250-pF capacitor is con¬ 
nected in parallel with the filter capacitor. 
Assume light loading and do not neglect 
the voltage drop across the diodes. Find 

(a) the dc value of the load voltage; 

(b) the peak-to-peak value of the ripple 
voltage. 

(c) If the load resistance is decreased by 
a factor of 2, determine (without 
recalculating) the approximate fac¬ 
tor by which the ripple voltage is 
changed. 

2- ; The primary voltage on the transformer 
shown in Figure 3-46 is 120 V rms and 
R l = 10 ft. Neglecting the forward volt¬ 
age drops across the diodes, find 

(a) the turns ratio N P : N s , if the average 
current in the resistor must be 1.5 A; 

(b) the average power dissipated in the 
resistor, under the conditions of (a); 
and 

(c) the maximum PIV rating required 
for the diodes, under the conditions 
of (a). 

The primary voltage on the transformer in 

Figure 3-46 is 120 V rms and N P :N S = 15:1. 
Diode voltage drops are 0.7 V. 

(a) What should be the value of R L if the 
average current in R L must be 0.5 A? 



FIGURE 3-46 (Exercises 3-24 and 3-25) 
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FIGURE 3-47 (Exercise 3-26) 

(b) What power is dissipated in R L 
under the conditions of (a)? 

(c) What minimum PIV rating is 
required for the diodes under the 
conditions of (a)? 

3-26. The secondary voltage on the trans¬ 
former in Figure 3-47 is 30 VCT rms at 
50 Hz. The diode voltage drops are 0.7 V. 
Sketch the waveforms of the voltage 
across and current through the 20-ft 
resistor. Label peak values and the time 
points where the waveforms go to 0. 

3-27. Each of the diodes in Figure 3-48 has a 
forward voltage drop of 0.7 V. Find 

(a) the average voltage across R L ; 

(b) the average power dissipated in the 
1 -ft resistor; and 

(c) the minimum PIV rating required 
for the diodes. 

3-28. Repeat Exercise 3-27 if R L is changed to 
5 ft and the transformer turns ratio is 
changed to 1:1.5. 

3-29. Sketch the waveform of the voltage v L in 
the circuit shown in Figure 3-49. Include 
the ripple and show the value of its period 
on the sketch. Also show the value of V PR . 
Neglect the forward drop across the diode. 

3-30. What is the percent ripple of a full- 
wave-rectified waveform having a peak 
value 75 V and frequency 120 Hz if C = 
220 pF and I L = 80 mA? What is the per¬ 
cent ripple if the frequency is halved? 


FIG „ III: 3-49 (Exercise 3-29) 

3-31. A half-wave rectifier is operated from a 
60-Hz line and has a 1000-pF filter capac¬ 
itance connected across it. What is the 
minimum value of load resistance that 
can be connected across the capacitor if 
the percent ripple cannot exceed 5%? 

3-31 A full-wave rectifier is operated from a 
60-Hz, 50-V-rms source. It has a 500-pF fil¬ 
ter capacitor and a 750-12 load. Find 

(a) the average value of the load voltage; 

(b) the peak-to-peak ripple voltage; and 

(c) the percent ripple. 

- . A half-wave rectifier has a 1000-pF filter 

capacitor and a 500-ft load. It is operated 
from a 60-Hz, 120 V-rms source. It takes 
1 ms for the capacitor to recharge during 
each input cycle. For what minimum 
value of repetitive surge current should 
the diode be rated? 

3-34. Repeat Exercise 3-33 if the rectifier is 
full-wave and the capacitor takes 0.5 ms 
to recharge. 

Assuming negligible ripple, find the 
average current in the 100-kft resistor in 
Figure 3-50. 

3-36. The transformer shown in Figure 3-51 has 
a tapped secondary each portion of the-sec¬ 
ondary winding having the number of 
turns shown. Assuming that the primary 
voltage is that shown in the figure, design 
two separate circuits that can be used with 
the transformer to obtain an (unloaded) dc 
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FIGURE 3-4S (Exercise 3-27) 







voltage of 1200 V. It is not necessary to 
specify capacitor sizes. What minimum 
PIV ratings should the diodes in each 
design have? 

SECTION 3-6 

Elementary Voltage Regulation 

In the circuit shown in Figure 3-52, the 
zener diode has a reverse breakdown volt¬ 
age of 12 V. R s = 50 V s = 20 V, and R { can 
vary from 100 O to 200 0. Assuming that 
the zener diode remains in breakdown, find 

(a) the minimum and maximum current 
in the zener diode; 

(b) the minimum and maximum power 
dissipated in the diode; and 

(c) the minimum rated power dissipa¬ 
tion that R s should have. 

Repeat Exercise 3-37 if, in addition to 
the variation in R r , can va ry ^ rom 
to 30 V. 

The 6-V zener diode in Figure 3-53 has 
a maximum rated power dissipation of 
0.5 W. Its reverse current must be at 
least 5 mA to keep it in breakdown. Find 


(Exercise 3-39) 


a suitable value for R s if V s can vary 
from 8 V to 12 V and R L can vary from 
500 0 to 1 kO. 

(a) If Rs in Exercise 3-39 is set to its max¬ 
imum permissible value, what is the 
maximum permissible value of V s ? 

(b) If R s in Exercise 3-39 is set equal to 
its minimum permissible value, 
what is the minimum permissible 
value of Rl ? 

A zener diode has a breakdown voltage of 
12 V at 25°C and a temperature coeffi¬ 
cient of +0.5 mV/°C. 

(a) Design a temperature-stabilizing cir¬ 
cuit using silicon diodes that have 
temperature coefficients of —0.21 
mV/°C.The forward drop across each 
diode at 25°C is 0.68 V. 

(b) Find the voltage across the stabi¬ 
lized network at 25°C and at 75°C. 

(c) Find the temperature stability of the 
stabilized network. 

3„42. A zener diode has a breakdown voltage of 
15.1 V at 25°C. It has a temperature coef¬ 



ficient of +0.78 mV/°C and is to be oper¬ 
ated between 25°C and 100°C. It is to be 
temperature stabilized in such a way that 
the voltage across the network is never 
less than its value at 25 °C. 

(a) Design a temperature-stabilizing net¬ 
work using silicon diodes whose tem¬ 
perature coefficients are -0.2 mV/°C. 
The forward drop across each diode at 
25°C is 0.65 V. 




(b) What is the maximum voltage across 
the stabilized network? 

Following is a set of measurements that 
were made on the voltage across and cur¬ 
rent through a zene r diode: ^ 


I z (mA) 

V z (volts) 

0.5 

30.1 

1.0 

30.15 

2.0 

30.25 

3.5 

30.37 

6 

30.56 

8 . 

30.68 

10 

30.80 

30 

31.90 

40 

32.40 

90 

34.00 


(a) Find the approximate zener imped¬ 
ance over the range from I z - 3.5 mA 
to Iz = 10 mA. 

(b) Show that the zener impedance 
decreases with increasing current. 

3-44. The breakdown voltage of a zener diode 
when it is conducting 2.5 mA is 7.5 V. If the 
voltage must not increase more than 10% 
when the current increases 50%, what 
maximum impedance can the diode have? 

SECTION 3-7 

Diode T^pes, Ratings, and Specifications 

3-45. In the circuit shown in Example 3-13 
(Figure 3-36), suppose the load resistor 
R is changed to 47 H. What then is the 
least expensive of the diodes listed in the 
example that can be used in this 
application? 

3—16. In the circuit shown in Example 3-13 
(Figure 3-36), suppose the ac voltage is 
100 V rms and the load resistor is changed 
to 68 O. What then is the least expensive 
of the diodes listed in the example that - 
can be used in this application? 

PSPICE EXERCISES __ 

3-52. Simulate Problem 3-14 using PSpice. Use 
the part DIN4002 in the “Eval” library for 
both diodes. Hint: Include in your circuit 
file the .OP statement in order to obtain 
a report on the diode currents in the 
output file. 


- . A small-signal diode is to be used in an 

application where it will be subjected to 
a reverse voltage of 35 V. It must conduct 
a forward current of 0.01 A when the 
forward biasing voltage is 1.0 V. The 
reverse current must not exceed 30 nA 
when the reverse voltage is 30 V. Select a 
diode type number from Figure 3-37 that 
meets these requirements. 

- A silicon diode is to be used in an applica¬ 
tion where it will be subjected to a 
reverse biasing voltage of 85 V. The for¬ 
ward current will not exceed 100 mA, but 
it must have a 0.5-W power dissipation 
rating. Select a diode type number 
from Figure 3-37 that meets these 
requirements. 

A rectifier diode is to be used in a power 
supply design where it must repeatedly 
withstand sine wave reverse voltages of 
250 V rms and must conduct 0.6 A (aver¬ 
age) of forward current. The forward 
surge current through the diode when 
the supply is first turned on will be 25 A. 
It is estimated that the diode case tem¬ 
perature (T c ) will be 30°C. Select a diode 
type number from Figure 3-38 that meets 
these requirements. 

. A rectifier diode is to be used in a large 
power supply where it must be capable of 
withstanding repeated reverse voltages 
of 450 peak volts. The forward current in 
the diode will average 13.5 A. Select a 
diode type number from Figure 3-38 that 
meets these requirements. 

A full-wave bridge is to be connected to a 
240-V-rms power line. The output will be 
filtered and will supply an average voltage 
of 150 V to a 50-0 load. The worst-case 
current that will flow through the bridge 
when power is first applied is 20 times the 
average load current. Using the Inter¬ 
national Rectifier specifications in Figure 
3-38(b), select a bridge (give its part num¬ 
ber) that can be used for this application. 


3-33. Simulate Problem 3-16 using PSpice 
with the voltage source V s swept from 
zero to 20 V. Plot both diode currents 
versus V s . Hint: Use .DC analysis. 



